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PREFACE

The study reported herein was performed during the period

October 1978 to May 1982 under Department of the Army Project No.

4AI61102AT22, "Research in Soil and Rock Mechanics," Task AO, Work Unit

*i 002, "Analytical and Data Processing Techniques for Interpretation of

Geophysical Properties."

The work was performed by Messrs. Dwain K. Butler, Ronald E.

* Wahl, and Donald E. Yule, Earthquake Engineering and Geophysics Division

ii (EE&GD), Geotechnical Laboratory (GL), U. S. Army Engineer Waterways

*q Experiment Station (WES), Vicksburg, Miss.; Mr. Donald E. Barnes, Geo-

mechanics Division, Structures Laboratory, WES; and Dr. Anthony F.

*i Gangi, Department of Geophysics, Texas A&M University, College Station,

Tex., under the direct supervision of Dr. Arley G. Franklin, Chief,

EE&GD, and the general supervision of Dr. William F. Marcuson III, Chief,

GL. The work by Dr. Gangi was performed under Contract No. DACA3"9 M-

0074 and involved preparing and documenting the computer programs

REFRDIR and REFRINV. Mr. Wahl developed the computer programs SEISDIG,

SEISPLOT, and REFINT. The computer program DOMER was written by

Mr. Yule. Mr. Barnes developed the computer programs PLOT2 and PLOTLL

and provided assistance in the use of these programs. This report was

prepared by Mr. Butler.

The study was closely coordinated with work planned by

Mr. Joseph R. Curro, Jr., Chief, Field Investigations Group, EE&GD, GL,

under CWIS Work Unit 31150, "Remote Delineation of Cavities and Discon-

tinuities in Rock," and by Mr. Butler under DA Project No. 4AI61101A91D,

"Assessment of Microgravimetry for Geotechnical Applications."

COL Tilford C. Creel, CE, was Commander and Director of WES

during the conduct of this study. Mr. Fred R. Brown was Technical

Director.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be converted

to metric (SI) units as follows:

Multiply By To Obtain

feet 0.3048 metres S

inches 2.54 centimetres

miles (U. S. statute) 1.609347 kilometres

4

• . d ~mlm dmim muh• Idui -ludiln i i +" -" ' " -



* 0

ANALYTICAL AND DATA PROCESSING TECHNIQUES FOR INTERPRETATION OF
GEOPHYSICAL SURVEY DATA WITH SPECIAL APPLICATION TO

CAVITY DETECTION

PART I: INTRODUCTION

Background

Wl -"
1. In foundation investigations for permanent military facilities

ranging from the common post facilities such as hospitals, barracks,

etc., to underground command, control, and communication (C 3 ) facilities,

there is a need for accurate information on subsurface stratigraphy, 0

structure, and physical properties. Presently, this information is

obtained through a combination of drilling, laboratory testing, and geo-

physical testing. Emphasis in the field investigation is on drilling

* and logging of borings which is a relatively expensive procedure. Often

as much as five percent of the construction cost is expended in geotech-

nical investigations for military facilities and over half of this is

spent in the field. Geophysical methods have the potential for reducing

these costs; however, the full potential of geophysical methods to

reduce the number of borings required is not presently being utilized

partly because processing and interpretation of geophysical data in the

U. S. Army Corps of Engineers usually is done manually. This has evolved

primarily because judgment is required in the data reduction and inter- 0

pretation process. The manual methods are very labor-intensive, and

frequently there are considerable delays in reporting survey results

* due to processing "backlogs." Also, since hand methods are being used,

*Q recent developments in wave propagation and potential field theory,

which involve large amounts of computation and could assist in the inter-

pretation of data, are not being utilized.

* Applications of Geophysical Methodology 0

2. The various types of surface and subsurface geophysical

methods are reviewed in Engineer Manual 1110-1-1802 (Department of the

5



Army, 1979). This report will concentrate on three of the surface geo-

physical methods and one cross-borehole method:

a. Electrical resistivity.

b. Microgravimetry.

c. Seismic refraction.

d. Crosshole seismic method.

3. In addition to foundation investigations to aid in facility

design and construction, geophysical methods are applicable to post-

construction facility development functions, such as groundwater explor-

*ation, and monitoring functions, such as groundwater contamination

detection and subsurface intrusion prevention and detection. Table 1

summarizes the applicability of the above four geophysical methods to

various military facility design, construction, development, and moni-

toring functions.

Geophysical Data Sources

4. As described in the Preface, the work described here was

closely coordinated with two other research efforts. In this way,

* efforts under the three projects were complementary, and relevant field

data were available for processing and interpretation using techniques

developed during the present work. Specifically, the field efforts

involved the evaluation of some 28 geophysical techniques for cavity

detection and delineation at two natural cavity test sites in Florida,

and many of the examples used in this report are drawn from the data

from these sites. Figure 1 is a location map showing the two sites.

The Medford Cave site has a relatively shallow (<10 m) air-filled 0

cavity system; Figure 2 shows a plan view of the known cave system and

the geophysical survey area at the site. The Manatee Springs site has a

deeper (%30 m) water-filled cavity system; Figure 3 is a plan map of the

known cavity system and the area used for the geophysical surveys.

Cavity detection and delineation is considered a particularly appropriate

application since the presence of cavities, either natural (e.g., solu-

tion cavities in carbonates) or man-made (abondoned mine workings or

6



Table 1

Applicability of Geophysical Methods

Geophysical Method
Seismic Seismic Electrical

Use of Method Refraction Crosshole Resistivity Microgravity

Site selection 1 4 1 1 0

Stratigraphy and
lithology defini-
tion 1 1 1 3

Depth to top of
rock 1 4,5 1,2 1,2 ;6

Geologic struc-
ture determina-
tion 1,2 2,3 1,2 1

Groundwater
exploration and 0
assessment 1 4,5 1 1,2

Groundwater
contamination
detection 5 5 1 5

Construction
materials
exploration
(sand and
gravel) 2 4,5 1 2

Facility monitor-
ing/perimeter
integrity 3,4 4 1 1

NOTE: 1 - Primary usefulness

2 - Secondary usefulness
3 - Has indirect or limited usefulness S
4 - Could be used but not best or practical approach
5 - Not applicable

2,3 - Indicates a range of 2 to 3, or that applicability may vary
depending on circumstances

7
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clandestine tunnels) presents problems for facility foundations as well

as for base perimeter security.

Purpose

5. The purpose of this report is to document new and/or improved

analytical and data processing techniques for interpretation of the -

results of geophysical surveys. The work has involved (a) acquiring,

improving, and modifying existing computer codes; (b) writing new comput-

er codes in-house; and (c) producing new computer codes by contract

sources. All of the work is designed to improve and speed up data

acquisition and processing and to improve and extend capabilities for

interpreting engineering properties from geophysical surveys.

Scope 6

6. Part II of this report covers the resistivity methods,

Part III covers the microgravimetric techniques, and Part IV covers the

seismic methods. A summary and recommendations for future work are pre-

sented in Part V. The coverage of the geophysical techniques is limited

to a brief review of the concepts and field procedures of the techniques

listed in paragraph 2, followed by computer program documentation and

examples of the use of the computer programs. Table 2 is a summary list

of all the computer programs documented in this report and gives perti-

nent features of each as well as where the documentations and program

listings can be found.

ii _
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PART II: SURFACE ELECTRICAL RESISTIVITY METHODS

Background 0

7. All surface electrical resistivity methods considered in this

section involve linear four-electrode geometries (arrays). The four

most common electrode arrays are illustrated in Figure 4. In each of

the four arrays, an electrical current I is input to the ground at

electrodes C1and C 2'Electrodes P 1  and P 2  are used to measure

a potential difference AV . The following equation can be used to

calculate an apparent resistivity pA

AV

pA = K (1)
G I

where KG  is a geometric factor which depends on the array type and

electrode spacings within the array. For the Wenner array (Figure 4a),

KG = 2wa ; and for the Schlumberger array KG = ns [(L/s) 2 1/4] ,

where s = P2 and L - CC 2 /2 (generally L > 5s) . In the pole-

dipole array, electrode C2 is placed at effective infinity (generally

C2 P2 > 5 to 10 times the maximum value reached by C P2  during a survey

is sufficient); and K =2wRIR2/(R , where R = C P and R =
G r 1 R2 /( 2-R1  R1  C1 1  2

C1 P2 (R2 -1 1= PP2) . Finally, for the dipole-dipole array, KG
7rrn(n 2 -1 ) , where r = C1C2  PIP2 and CPP I = C2P2 nr.

8. The resistivity given by Equation 1 is called an apparent

resistivity since it may not actually be the true resistivity of any of

the subsurface materials. This fact can be illustrated by a conceptual

example: consider a layer of soil over a bedrock which is very thick. 0

If, say, a Schlumberger or Wenner electrode array is used to study the

example just presented, the following facts can be stated: (a) for

electrode spacings a or L much smaller than the soil layer thickness,

the measured apparent resistivity (PA) approaches the true resistivity

of the soil (pl) ; (b) for electrode spacings a or L much greater

than the soil layer thickness, the apparent resistivity approaches the

true resistivity of the bedrock (P2 ) ; and (c) for a or L values

14
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C1 V V C

I a at --I a
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Lli L
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cli %h %ti c2 :
V _ X

*ti c. POLE-DIPOLE ELECTRODE ARRAY 0

C11 C2!,  P1 P2XV V

d. DIPOLE-DIPOLE ELECTRODE ARRAY

Figure 4. Four commonly used resistivity electrode arrays

between these two extremes, the apparent resistivity will be interme-

diate in value (i.e., the measured apparent resistivity will be a volume

average of p1  and P2 , with the volume included in the measurements

* increasing with a and L )

9. Two types of surface resistivity surveys can be conducted,

and these surveys will be termed horizontal profiling and vertical •

soundings. In horizontal profiling surveys, electrode spacings are

selected and the entire array is moved along the surface keeping the

spacings constant. If a set of parallel profile lines is surveyed in

this manner, the result will be a grid of apparent resistivity values

over an area for a constant electrode geometry; this grid of data can

then be contoured to produce a resistivity map. Horizontal resistivity

profiling is designed to investigate lateral geologic variations above

* 1
15
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an essentially constant depth of investigation. Frequently the elec-

trode spacings for horizontal profiling are selected on the basis of

the results of a vertical resistivity sounding (described below). 0

10. In vertical sounding, the electrode array is expanded sym-

metrically about a center point and it is assumed that variations in

apparent resistivity as the electrode spacing increases reflect changes

in true resistivity as a function of depth beneath the surface point of 0

symmetry of the array. The objective in vertical sounding interpreta-

tion is to determine the true resistivity versus depth variation from

the apparent resistivity versus electrode spacing data. The result will

generally be a layered model consisting of layer thickness and associated 0

true resistivities. Interpretation is usually accomplished by curve

matching (i.e., matching field data curves with standard curves) or by

the use of a resistivity inversion computer program. Useful discussions

of resistivity theory, field methods, interpretation procedures, and 0

case histories can be found in Telford et al. (1976), Department of the

Army (1979), Keller and Frischknecht (1966), Zohdy et al. (1974), and

Butler and Murphy (1980).

11. In this section, three computer programs will be described

which assist in the processing and interpretation of resistivity field

data. The first two programs, RESDIR and RESINV, are used for interpret-

ing vertical resistivity sounding surveys. The third program, RESDAT,

is a general purpose resistivity processing program. Also, examples of

the use of the processed and interpreted resistivity results will be

presented as illustrations and as suggestions for future work. All of

the programs are written in FORTRAN IV for use on the U. S. Army Engineer

Waterways Experiment Station (WES) Time-Sharing system; use of the plot- •

ting options requires a Tektronix Digital Plotter on-line at the terminal.

RESDIR: A Computer Program for Solution of the
Direct Problem in Resistivity Sounding 0

12. The direct or forward problem in electrical resistivity

sounding consists of specifying a resistivity model and then calculating

16
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the apparent resistivities which would be observed by a given electrode

array on the surface of the model. For present purposes, the class of

models consisting of horizontal layers with resistivities pi and

thicknesses h is considered, where i specifies the i th layer; this 0
i

class of models is illustrated in Figure 5. Unlike the inverse problem

p1  h

........................ a-~ -4

P2  h 2

faes

o -

On (half-space)

SFigure 5. Resistivity model,
• n-layers with horizontal inter-"

~faces

of deducting a possible model directly from field resistivity sounding

data, the direct resistivity sounding problem is unique; i.e., for a

given electrode geometry and resistivity model, there is only one pos-

* ible sounding curve.

13. RESDIR is a FORTRAN computer program which solves the direct

problem in resistivity sounding using linear filter theory (Ghosh, 1971a, S

b). The filters were derived by Davis (1979a) and the program described

in Davis (1979a, b) and Mooney (1979). The program was adopted for use

on the WES computer time-sharing system and an output plotting option was

added. For a given electrode array, Wenner, Schlumberger, or axial 0

dipole-dipole, the program computes and plots the apparent resistivity

sounding curve. Beginning with a user-specified initial electrode

17
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spacing, the apparent resistivity values are computed at six points per

decade of electrode spacing. A listing of RESDIR is presented in

Appendix A. 0

Input data

14. All data are input in a free-field format with prompting

messages; i.e., the specified parameters are input consecutively,

* separated by commas. Individual input lines and parameters are

described below and also in comment statements in the program listing

(Appendix A). The units must be consistent, e.g., if resistivities in

ohm-m, then layer thicknesses and electrode spacings must lie in m

Input No. 1: INDEX 0

Index--specifies array type; enter 1 for Schlumberger
array, 2 for Wenner array, or 3 for dipole-
dipole array.

Input No. 2: SPAC, E, M

SPAC--smallest a-spacing (for Wenner array), or smallest 0
L-spacing (for Schlumberger array).

E--specifies number of layers in the chosen model.

M--specifies total number of apparent resistivity
values to be calculated (at rate of six per decade
beginning with SPAC) 

Input No. 2A: IX

Input only for dipole-dipole array (INDEX = 3).

IX--enter 0 if r is varied (n constant) or enter 1 if
n is varied (r constant). 0

Input No. 2B: N-values

If IX = 0, enter only one N-value
If IX = 1, enter M N-values.

Input No. 3: Model Parameters (P(I), I = 1, 2E - 1)

Enter E-1 layer thicknesses, immediately followed by 
0

E layer resistivities.

The above input sequence is repeated for additional models; normal pro-

gram selection is terminated by inputting 0 (zero) for INDEX.

Program input

15. Printed output from the program consists of a listing of the

input model and then a listing of the computed apparent resistivities and

18
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corresponding electrode spacings. Optional plots of apparent resis-

tivity versus electrode spacing for Wenner or Schlumberger arrays can

be generated; either arithmetic or logarithmic plots can be selected.

The plots are generated by a CALL PLOT2 (X, Yn, N) or CALL PLOTLL (X,

Y, N) command, where X and Y are the parameters to be plotted and

N is the number of values. PLOT2 and/or PLOTLL are used in nearly all

the programs in this report and are documented in Appendix B; the plot

specification input sequence is the same for all programs in this

report.

* Examples

16. RESDIR can be used to generate sounding curves for hypothet-

ical field situations and as an aid in interpreting field sounding data.

17. Example 1. Consider the hypothetical two-layer case shown

in Figure 6; the plots demonstrate the appearance of the sounding curves

=502

M ''

01~ P 30 2

P1 2

:lag lea I I I I

ELECTRODE SPACING

Figure 6. Two-layer resistivity sounding curves, Wenner electrode
array, computed using RESDIR (For both cases, hI  1 0 m and pl I

~300 ohm-m.)
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using a Wenner array for two cases, where 1= 1/3P 2 and where p1

3 p2 ; the layer thickness is the same for both cases. The input data

and program output are shown in Figure 7 for the case where p1 = 1/3P 2

18. Example 2. As an example of the use of RESDIR for generation

of sounding curves for hypothetical field situations, consider the

three-layer model in Figure 8. The objective of this model is to simu-

late the case of an alluvial aquifer above a resistant basement; i.e.,

.layer 1 represents an unsaturated sandy soil, layer 2 represents the

alluvial aquifer (saturated sandy soil), and layer 3 represents the

resistive basement rock. The aquifer thickness is constant at 10 m, and

three different depths to the top of the aquifer are considered. Sound- 0

ing curves for the three cases using a Schlumberger array are also shown

in Figure 8. Results such as shown in Figure 8 could be used for asses-

sing the feasibility and limitations of resistivity sounding for detect-

ing the presence of an aquifer. 0

RESINV: A Computer Program for Solution of the
Inverse Problem in Resistivity Sounding

19. The inverse problem in resistivity sounding requires that a

model be deduced from a set of resistivity sounding field data. Use of

*i the program RESINV to solve the inverse problem requires that an initial

model (number of layers, layer thicknesses, and resistivities) be speci-

fied; this initial model can be determined by examination of the field

data. The number of layers in the initial model will not be altered by

the program; however, the layer thicknesses and resistivities will be

iteratively adjusted until a good fit to the field data is achieved. The

inversion scheme is described in Davis (1979a) and the program is de-

scribed in Davis (1979a, b) and Mooney (1979). Davis used an inversion

procedure developed originally by Merrick (1977) for Schlumberger sound-

ing data. The iterative adjustment is accomplished using Marquardt's

algorithm (Marquardt, 1963), which is an optimized combination of

Newton-Gauss and gradient inversion methods.

20

S U S S S S S S 5



INPUT NO. 1 --- INDEX (ARRAY TYPE)
-2
INPUT NO. 2--SPAC,E,M
-1,2,13

* INPUT NO. 3, MODEL PARAMETERS, THICKNESSES(H) AND RESISTIVITIES(R) --- H
(1),H(2)...H(E-1),R() ... R(E)
-10,300,900

* APPARENT RESISTIVITY VALUES

WENNER ARRAY

2 LAYER MODEL.

LAYER NO. THICKNESS RESISTIVITY

1 10.000 300.000
2 900.00

SPACING RHO

1.00 300.114
1.47 300.369
2.15 301.155
3.16 303.505
4.64 310.133
6.81 326.964
10.00 363.0970
14.68 425.195
21.54 509.295
31.62 602.067
46.42 689.895
68.13 763.446

100.00 818.245

Figure 7. Input data to RESDIR and program output for the case
p 1 l/3p2 shown in Figure 6 (User input is indicated by an

1 2' sign.)
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Figure 8. Schlumberger array sounding curves for three-layer model 0
with p = 1000 ohm-m , p2 = 100 ohm-m, p3 = 2000 ohm-m, and h2 =
10 m (Case 1--h1 = 10 m ;-Case 2--h I = 50 m; Case 3--h1 = 100 m.)

20. Using the techniques of RESDIR, apparent resistivities for

the initial model are computed and compared with the field data. A S

derivative matrix consisting of partial derivatives of apparent resis-

tivity with respect to each model parameter is computed. Corrections

to each model parameter are determined from a generalized inversion of

the derivative matrix. The corrections are added to initial model and

a new set of apparent resistivities and layer thicknesses are computed.

This procedure is continued until the root-mean-square (rms) error falls

below a specified convergence criterion.

21. Even though a given initial model may be adjusted to a final S

model which results in computed apparent resistivities that closely fit

field data, the model is not unique and may not be geologically correct

or even reasonable. Any independent geologic control which is known for

22
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the site should be utilized to constrain the inversion process; any of

the model parameters can be specified as fixed, as dictated by geologic

control, and will not change during the inversion process. In general,

c. the minimum number of layers required to produce the essential features

-. of the field sounding curve should be used initially, adding layers for

subsequent models only if a good fit is not achieved with the minimum

number of layers. The initial model can be chosen by the use of graph- O

ical and empirical techniques, such as curve-fitting, asymptotes, and

inflection points of field curves, Barnes layer method, Moore cumulative

method, inverse slope method, or, in many cases, just by examination of

the field-sounding curve (Hugdahl and Dahl, 1979; Barnes, 1954; Sanker

Narayan and Ramanujachary, 1967; Moore, 1945; Telford et al., 1976). The

examples which follow will illustrate some of these techniques. Success-

ful use of RESINV depends to a greater extent on the particular set of

data involved, the quality of the data (including lack of lateral effects*

in the data), and the experience of the interpreter. The best results

with RESINV will be achieved when there is good geologic control and/or

when the interpreter is familiar with the geologic sequence likely to be

encountered in a particular area.

Input data

22. All data are input in free-field format. A progroa I.sting

for RESINV is in Appendix C. Input data requirements are as follows:

Input No. 1: INDEX

INDEX--array type; enter 1 for Schlutberger array,
2 for Wenner array, or 3 for dipole-dipole array

Input No. 2: SPAC, E, M, NN, RMSC

SPAC--smallest a-spacing (for Wenner array) or smallest
* L-spacing (for Schlumberger array) 0

E--specifies number of layers for model

* Lateral effects, i.e., lateral or horizontal changes in resistivities
of near-surface materials, can introduce errors in the inversion model 0
and in some cases may result in fictitious layers in the model. Many
times, lateral effects can be easily recognized on resistivity shift-
ing of curve segments (for Schlumberger soundings) or graphical
smoothing.

23
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K,
M--number of field readings

NN--number of fixed layer (model) parameters

RMSC--root-mean-square error cutoff value in percent
(typically use 1 to 5 percent). 0

Input No. 2A: IX (Input only for dipole-dipole array,
INDEX = 3)

IX--enter 0 if r is varied (n constant) or enter 1
if n is varied (r constant)

Input No. 2B: N

If IX = 0, enter one n-value
If IX = 1, enter M n-values

Input No. 3: INDXI

INDXI--enter 1 if field data are at perfectly logarith- 0
mic electrode intervals, or enter 0 if otherwise

Input No. 3A: (SN(l), SN(2), ....SN(M)

SN(l)--electrode spacings, M-values. Skip if INDXI = 1.

Input No. 4: R2(l), R2(2), ....R2(M)

R2(l)--field apparent resistivities, M-values, each
corresponding to SN(l)

Input No. 5: Model parameters (P(I), I = 1, 2E - 1)

Enter E-1 layer thicknesses, immediately followed by
E layer resistivities

Input No. 6: (NF(I), I = 1) NN)

NF(I)--fixed parameters. There should be a total of
NN numbers specifying which of the model
parameters in Input No. 5 are to be fixed. The
NF number assignment is consecutively from
NF = 1 for P(l) to NF = 2E - 1 for P(2E - 1).

23. Program execution will terminate when (a) the rms error

drops below RMSC, (b) the program completes 15 iterations, (c) a minimum

is reached before either (a) or (b) occurs and all further iterations

increase the sum of squares (in this case, the note "Jl = JMAX--TRIAL

MODEL will not converge," or (d) INDEX is set equal 0. The program will

cycle to accept another set of data until INDEX = 0 is input.

Program output

24. Program output consists of printed listings of the results

of the input initial model calculations (iteration No. 0) and computed

24
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final model calculations and plots of field data, initial model, and

final model. The output sequence and content is as follows:

a. The results of iteration No. 0 are printed; these
consist of a tabular listing of the input initial model 0
parameters, tabular listing of electrode spacing, com-
puted model apparent resistivity, and field apparent
resistivity, and finally the rms error.

b. A plot of the sounding curve for the input initial
model is now generated (see Appendix B for plot specifi-
cation input sequence). 0

c. An optional plot of the field sounding curve can now be
generated superimposed on the plot in b.

d. The results of the final iteration are printed (includ-
ing final rms error).

e. A plot of the sounding curve for the final (best-fit)
model is generated, which can be superimposed on the
plots in b and c.

Examples

0 25. Example 1. In order to illustrate the input parameter

sequence and the capability of RESINV to converge to a known model, the

sounding curve corresponding to case 1 in Figure 8 was digitized and the

resulting apparent resistivity versus L-spacing data were input to RESINV.

The apparent resistivity values for 12 selected electrode spacings

(from 6 to 400 m) were estimated directly from the log-log plot, so the

input data would have "noise" due to errors in estimating values from the

plot. An initial three-layer model was deduced from the general features

of the sounding curve in Figure 8 and input to RESINV. Results of the

use of RESINV to find a best-fit, three-layer model to the input data

are shown in Figure 9 as Case I; the known model and the initial model

are also shown. The best-fit, three-layer model labeled Case II in

* Figure 9 is the result of inputting the exact equally spaced (logarith-

mically) output data from RESDIR corresponding to Figure 8, using the

same initial model as in Case I. For Case II, the program converges

exactly to the known model; and for Case I, the final model is accept-

* able, with the greatest discrepancies for the second layer parameters.

Figure 10 shows the input data and tabular output for Case I, and

*Figure 11 shows the plotted output (field data sounding curve and sound-

ing curve and sounding curves for the initial and best-fit models).

* 2
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Initial Case I Case II
Model Used RESINV Best RESINV Best S

Known for Input Fit Model (8 Fit Model (7
Model to RESINV Iterations*) Iterations**)

hI  10.00 hI = 9.88 h, - 10.00

P1 f 1000.00 P1 = 980.94 P1 = 1000.00

h = 20.00

h2 = 10.00 P, - 1000.00 h2 = 13.49 h2 = 10.02

P2 = 100.00 P2 = 135.56 P2 = 100.15

P3 = 2000.00 P3 - 2000.00

P3 - 1899.98 •

h2 = 30.00

P2 =  300.00

p3 = 1500.00

* RMS error = 1.026; model began to diverge with 9th iteration
** RMS error = 0.002

Figure 9. Demonstration of ability of RESINV to converge to a
known three-layer model from an initial model guessed from qual-
itative features of the sounding curve (calculated with RESDIR);
Case I - arbitrarily spaced data with errors and Case II - equal

logarithmically spaced exact data

26
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Figure 10. RESINV input data and tabular output for Case I, Figure 9
(User input indicated by '-' sign.)
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26. Example 2. Figure 12 is a plot of data from a Schlumberger

sounding at a site about 8 km northwest of Vicksburg, Miss.* Qualitative

evidence for as many as four layers can be seen in the sounding curve.

An initial model, deduced from the sounding curve, for input to RESINV

is also shown in Figure 12. Results of the inversion by RESINV are

shown in Figure 13, where the sounding curve for the best-fit model (also

illustrated in the figure) is indistinguishable from the field data.

27. The sequence of resistivities in the model shown in Figure 13

is geologically reasonable for the site: Layer 1 - sand fill; Layer 2 -

saturated silts, sands, and clays with organic material; Layer 3 -

freshwater sands and gravels; Layer 4 - Yazoo clay. Depth to the top

of Layer 4 ("\90 m), however, seems too large, since depths of 60 to

70 m are typical, although the depths are highly variable.

RESDAT: A General Purpose Resistivity
Data Processing Program 0

28. RESDAT is a general purpose computer program for processing

resistivity field data. The basic function of the program is to take

raw resistivity field data and process the data using Equation 1 to 0

produce tabular and plotted output of resistivity as a function of

profile position or electrode spacing for horizontal profiling or vert-

ical sounding, respectively. Data from the following survey types can

be accommodated: Wenner profiling, Wenner sounding, Schlumberger pro- 0

filing, Schlumberger sounding, and pole-dipole surveying. In the case

of Wenner and Schlumberger sounding data, an option is available to

directly access a subroutine version of RESINV to interpret the data in

terms of a resistivity model. For Wenner sounding data, options are

available for producing cumulative sum (Moore, 1945) and/or inverse

resistivity (Sanker Narayan and Ramanujachary, 1967) plots.

Input data

29. All data are input in free-field format. A program listing 0

for RESDAT is given in Appendix D. If field resistance data (AV/I) are

* Figure 12 was produced by the use of RESDAT to process the field data.

RESDAT is discussed in the next section of this Part.
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2999. INITIAL MODEL

- - -FIELD DATA

-FIFNN L MODEL

so too.. IS. 20 6. 30

4W. - Inta MoeIo nu

to RESINV -

Layer Thickness, Resistivity,
M Ohm-n
5 450

see.
020 5

I-I100 2000

0Ise

a. so. lee. Ie. 299. 299. 390.

S L-SPACZNG, M

Figure 12. Schiumberger sounding curve obtained at site
near Vicksburg, Miss.
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Final Model

Layer
409. -- INITIAL MODEL Thickness, Resistivity, Geology

m Ohm-m
FIELD DATA 5.8 382 Fill (Sand) 0
FINAL MODEL Saturated

43.4 21.5 silts and

3W. clays

Freshwater
42.8 174 sands and

gravels

0.001 Yazoo Clay

81e. 0

a. so. lee. 1;8. 2W. 28. See.

L-SPACMZN. H 0

Figure 13. Results of RESINV inversion of field sounding
curve and initial model shown in Figure 12

in ohms and electrode spacings are in m (ft), then resistivities will be

in ohm-m (ohm-f t). Input data are explained as follows:

Input No. 1: Survey Type

1--Wenner profiling
2--Schlumberger profiling
3--Wenner sounding
4--Schlumberger sounding
5--Pole-dipole survey

For Survey Type 1:

Input No. 2: A, N

A--a-spacing (see Figure 4a)
N--number of data points

Input No. 3: Xl, R1, X2, R2, ...SN, RN

X --profile coordinate of ith data poinE
Ri--field resistance (AV/I) value for i data point

Input No. 4:

Is factor (2w) included in field resistance data?
Type 1 for yes and 2 for no.

30
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For Survey Type 2:

Input No. 2: S, L, N

S, L--S- and L-spacings (see Figure 4b)
N--number of data points .0

Input No. 3: Xl, RI, X2, R2, ... , XN, RN

Same as for Survey Type 1.

Input No. 4:

Same as for Survey Type 1. 0

For Survey Type 3:

Input No. 2: POS

POS--up to 72 characters describing the location of
the resistivity sounding or other pertinent
information

Input No. 3: N

N--number of data points

Input No. 4: Al, Rl, A2, R2, ...AN, RN

'A i--a-spacing for the i th data point h
R i--field resistance value for the i data point

Input No. 5:

Is factor (2n) included in resistance values?
Yes (1), No (2)

Input No. 6:

Do you want a cumulative sum plot? Yes (1), No (2)

Input No. 7:

Do you want an inverse resistivity plot? Yes (1),
No (2)

Input No. 8:

Do you want to interpret data? Yes (1), No (2)
If Yes, inputs 8A and 8B are required.

• Input No. 8A: E, NN, RMSC

E--number of model layers
NN--number of fixed model parameters
RMSC--rms cutoff in percent

Input No. 8B: (P(I), I - 1, 2E - 1)

Model parameters; same as RESDIR Input No. 3.

For Survey Type 4:

Input No. 2: POS

31
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Same as for Survey Type 3

Input No. 3:

Is factor (2n) included in field resistance values?
Yes (1), No (2)

Input No. 4: N

N--number of data points

Input No. 5: Sl, LI, Ri, S2, L2, R2, ...SN, LN, RN

Si, L.--S- and L-spacing for ith data point 0

R.--field resistance value for the i th data point

Input No. 6:

Do you want to interpret data? Yes (1), No (2)
If yes, inputs 6A and 6B are required. 0

Input No. 6A: E, NN, RMSC

Same as for input No. 8A, Survey Type 3.

Input No. 6B: (P(I), I = 1, 2E - 1)

Model parameters; same as RESDIR Input No. 3. 0

For Survey Type 5:

Input No. 2: POS

POS--up to 72 characters describing the pole-dipole
current electrode station location and profile
direction information

Input No. 3:

Is factor (2w) included in field resistance values?
Yes (1), No (2)

Input No. 4: PP, N 0

PP--potential electrode spacing P1P2 (see Figure 4c)
N--number of data points

Input No. 5: CPl, RI, CP2, R2, ...CPN, RN

CP.--distance from current electrode to first potential
electrode CI 1P (see Figure 4c) for ith data
point

R i--field resistance value for ith data point

For all five survey types, an option is available, at the end of the

output sequence described below, to repeat the input sequence for

another data set of the same survey type.
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Program output

30. The output of RESDAT will vary depending on survey type as

listed below:

a. Survey Type 1: Wenner Profiling Survey

(1) Tabular listing of profile position and apparent

resistivity

(2) Plot of apparent resistivity versus profile position

b. Survey Type 2: Schlumberger Profiling Survey

(1) Tabular listing of profile position and apparent

resistivity

(2) Plot of apparent resistivity versus profile position

c. Survey Type 3: Wenner Sounding 0

(1) Tabular listing of a-spacing and apparent resistivity

(2) Plot of apparent resistivity versus a-spacing
sounding curve, either linear or log-log

4 (3) Optional plots of cumulative resistivity sum and/or
inverse resistivity versus a-spacing plots 0

(4) If data interpretation is elected, all the output

described for RESINV will follow

d. Survey Type 4: Schlumberger Sounding

(1) Tabular listing of a-spacing, L-spacing, and apparent S
resistivity

(2) Plot of apparent resistivity versus L-spacing, either

linear or log-log

(3) If data interpretation is elected, all the output
described for RESINV will follow 0

e. Survey Type 5: Pole-Dipole Survey

(1) Tabular listing of C1Pi, C1P29 and apparent resistiv-
ity

(2) Plot of apparent resistivity versus X , where
X = (C1PI + C1P 2)/2, i.e., each value of apparent

resistivity is plotted at the profile location which
is the midpoint of the potential electrode locations

Examples

31. Example 1. Figure 12 is an example of the use of RESDAT to S

process and plot field data from a Schlumberger sounding.

32. Example 2. A large portion of the Medford Cave site (see

Figure 1) was surveyed by resistivity profiling, using the Wenner array

33
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with a = 40 ft* and 10-ft station spacing along the profile lines. A

plot of apparent resistivity for a = 40 ft for one profile line at the

Medford Cave site is shown in Figure 14 (apparent resistivity for

a = 10 ft is also shown along the same profile line). Apparent resis-

tivity for all the profile lines was input to the general purpose

~a=40 FT

ee . a= 1 FT

2. so. too. ISO. 220. 259. 322.

NORTH DISTANCE, FT

Figure 14. Two horizontal resistivity profiles along the
(0,80) to (260,80) line at the Medford Cave Test site (see

Figure 2)

contouring program CONTOUR (Tracy, 1974) to produce the apparent resis-

tivity contour map shown superimposed in Figure 15. A plan map of the

known cavity system at the site is shown superimposed in Figure 15. An

a-spacing of 40 ft was chosen so that the depth of investigation of the

resistivity survey would be sufficient to include the effects of the

known cavity system. The apparent resistivity contour map is significant-

ly affected by and reflects the presence of the cavity system. Since

the "normal background" resistivity is apparently 400 to 600 ohm-ft,

the cavity system is responsible for a resistivity anomaly of about

1000 ohm-ft, although the shape of the resistivity contours does not

closely match the cavity shape.

*A table of factors for converting U. S. customary units of measurement

to metric (Sl) units is presented on page 4.
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260.160 260,0

600 w

4001*

* 00

000

00

RESISTIVITY SURVEY
WENNER ARRAY - A=40 FT

CONTOUR INTERVAL--200 Ohm-ft
0 20 ft 0,60 0.0

Figure 15. Resistivity contour map for a portion of the Medford Cave
site, Wenner electrode array with 40-ft electrode spacing
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33. Example 3. The pole-dipole array (Figure 4c) can be used in

a survey procedure which combines horizontal profiling and vertical

sounding concepts (sometimes called the Bristow-Bates technique; Bris-

tow, 1966; Bates, 1973; Butler and Murphy, 1980; Fountain et al., 1975; 0

and Franklin et al., 1981). The method is well suited for the detection

of localized anomalies such as cavities and tunnels. The current elec-

trode C2 is placed as far away from the survey area as practicable.

The potential electrode pair is moved outward on both sides of the cur-

rent electrode C 1 , keeping the spacing P1P2 constant (typically 2 to

3 m), to a distance from C1  somewhat greater than the desired depth of

investigation (typically 50 m or less). C1  is then moved along the

profile line to a new location (typically 10 to 20 m from previous

location) and the procedure is repeated; overlapping lines are used for

multiple coverage. The graphical interpretation procedure, described

by Bates (1973) and Fountain et al. (1975), tends to account for the

normal variation of resistivity with depth and selects high or low resis- 0

tivity anomalies with respect to the normal variation. Figure 16 illus-

trates the graphical procedure for location of anomalies. Circular arcs
U S

r/A IC,l KEY

I to" L VZ j L.J ExTaT or nuf

Sl C, If/j PW. 000 NIG ANOMALY

I A "/// LOW ANOMALY

I I I I I I C C, CURRENT ELECTRODE

0 10c 200 a 400 50 0 LOCATION

DISTANCE ALONG TRAVERSE. FT

A. LOCATIONS OF RESISTIVITY ANOMALIES

DISTANCE ALONG TRAVERSE. FT

o 100 200 80 0 0 600
700- I

j GROUND SURFACE

3

-- I S, lr i i i l I I

a. I KEYr:

gZ V ORIKE

U 0 CAVE

9. SUSSURFACIE PROFILE

Figure 16. Simplified example of graphical interpretation of pole-
dipole resistivity data for anomaly location (Bates, 1973)
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are drawn through locations of potential electrodes showing anomalous

potential differences, with the C position as center. Intersections

of the arcs are assumed to define the locations of anomalies. Figure 16 0

shows two anomalies located by three traverses with different C1  loca-

tions. The interpretation procedure and the multiplicity and overlapping

of data tend to eliminate spurious anomalies and allow discrimination

between near-surface anomalies and anomalies at depth. This technique 9

has been used successfully for a number of investigations in karst regions

(Bates, 1973; Butler, 1980c; Cooper and Bieganousky, 1978; Fountain et

al., 1975) and also for tunnel location in hard rock (Fountain, 1975).

These investigations offer strong empirical support for the Bristow-

Bates graphical method, in spite of the objection that it does not have

a rigorous theoretical basis; i.e., the model on which it is based is

qualitative.

34. Several profile lines at the Medford Cave site were surveyed '0

using the pole-dipole survey procedure, and results of the survey along

the 80W north-south line will be presented here. Figure 17 shows the

pole-dipole sounding results for six locations of C1  along the profile

line, where the field data have been processed and plotted by RESDAT.

The potential electrodes were moved out to a distance X = 80 ft on

each side of each C station, where X is the distance to the center

of the potential electrodes. The distance P1P2 = 10 ft , and X is

incremented by 5 ft between measurements. Finally, the distance between

C1  stations is selected as 30 ft; this procedure allows an anomaly near

the surface to be defined by as many as seven intersecting hemispherical

shells, and the number of possible intersections decreases with depth.

The general trend indicated by the sounding data in Figure 17 is increas-

ing apparent resistivity with depti.. Numerous anomalies are indicated

in the sounding curves, but there is no clear indication of subsurface

layering. For purposes of picking anomalies, linear trend lines are used

as indicated in Figure 17. Clearly there is a considerable amount of

subjectivity in this procedure of picking high and low anomalies; success

relies on (a) experience of the interpreter and (b) the considerable

redundancy of the data. The results of an analysis of the complete
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(0,80) to (260,80) line at the Medford cave site
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profile line, using the techniques illustrated in Figure 16, are shown

in Figure 18. The correlation of the resistivity anomalies with known

geologic features (Butler, in press) is quite good. 0

35. A major drawback to the pole-dipole survey technique just

presented is the time required to conduct the field tests and process

and interpret the data. Use of RESDAT to process and plot the data is

a considerable help, but there is still much which could be done to auto- O

mate the procedures. An automated resistivity data acquisition system

demonstrated by the Southwest Research Institute (SwRI) at the Medford

Cave site appears to be a solution to the field time constraint (Foun-

5 tain and Herzig, 1980). Data are recorded in a digital format with the 0

SwRI system, which can then be processed by the graphical procedure

presented here or by an automated interpretation procedure developed by

SwRI (Fountain and Herzig, 1980; Spiegel et al., 1980). Although work on

* the automated technique is continuing at SwRI, currently the technique S

is limited by the assumption of a single anomaly in a uniform half-space;

while the graphical procedure used in this report is subjective, it is

not subject to these limitations. A technique which has been success-

fully utilized at WES for a specific data set is to digitize the loca-

tions of high and low anomalies along the profile line and then deter-

mine subsurface anomaly locations with an arc-intersection algorithm

programmed on a minicomputer; this procedure has not yet been

generalized. 0
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PART III: MICROGRAVIMETRIC TECHNIQUES

Background

36. Microgravimetry is a geophysical method that offers special

advantages over other subsurface exploration methods in a variety of

applications. The term "microgravimetry" refers to geophysical investi-

gations involving relative measurements of the acceleration of gravity

that require measurement accuracy and precision and instrument sensitiv-

ity in the pGal range (1 pGal = 10- 6 Gal = 10- 6 cm/sec 2 = 10- 9 times the

earth's normal gravitational acceleration). For geophysical applica-

tions, delineation of features with characteristic dimensions of 1 m or

less is often desirable, while the maximum depth of interest may typi-

cally be 100 m or less. Many attempts to apply gravimetry to geotech-

*nical and shallow structural problems have been disappointing in that

* the anomalies due to small structures of interest could not be extracted

from the data; i.e., only anomalies due to very large or very shallow

structures (or some fortuitous combination of the two factors) could be

resolved. However, with modern "microgal" gravity meters and refined

field and interpretation procedures, microgravimetry is a viable geo-

physical tool for application to military facility foundation and peri-

meter security investigations (Butler, 1980a).

37. The gravity method involves the measurement of the vertical

component of the gravitational attraction at the surface. The measure-

ment or determination of the first vertical and horizontal derivatives

(gradients) of the vertical component of the gravitational attraction

*4 can be of considerable fundamental and practical importance. Measure-

ment of the gradients or determination of the gradients from gravity

profiles offers two particular advantages over measurement of just

gravity alone:

a. The gradient profiles have diagnostic properties, that,
in many cases, make subsurface structure identification 0

more straightforward.

b. The gradients selectively filter out the effects of
deeper-seated structures and enhance anomalies caused by

4 4
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shallow structures of interest in geotechnical
investigations.

Butler (1980a, b, c) discusses the measurement and application of gravity

gradients. 0

38. Field procedures, data processing, and interpretation tech-

niques for microgravimetric surveys are discussed in detail in Butler

(1980a, d, and in press) and Butler et al. (in press); only a brief out-

line of these procedures and techniques will be presented here. Micro-

gravimetric field procedures can be summarized as follows:

a. Establish survey grid or profile line and determine
relative elevations at all grid stations.

b. Establish gravity base station. 0

c. Conduct gravity survey returning to the base station
frequently (at least once per hour).

d. Correct gravity data in a timely manner while in the
field so that questionable data can be discovered and
the associated station reoccupied for another gravity S
measurement and so that the density of gravity stations
in areas of interest can be increased.

39. The sequence of corrections applied to gravity measurements

is as follows:

a. Correct for changcs in gravity at the site as a function
of time caused by earth-tide variations and gravity
meter drift (drift correction).

b. Correct for variations in north-south positions of
gravity stations (latitude correction).

c. Correction for elevation differences between stations
(free-air and Bouguer corrections).

d. Correct for topographic variations around each gravity
station.

e. Plot and contour the gravity data.

40. Although interpretation techniques vary greatly depending on

the investigator as well as the objectives of the survey, the following

will suffice for the present discussion:

a. Separate regional gravity components in the data from

the local components; this is called the regional-
residual separation.

42
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b. Optionally generate processed gravity maps, such as
derivative maps (Butler, in press) or upward/downward
continuation maps (Grant and West, 1965).

c. Identify gravity anomalies. 0

d. Classify anomalies for qualitative interpretation or
decide on a model for quantitative interpretation.

e. For quantitative interpretation, determine parameters of
the model.

41. Considering the procedures and techniques identified in 0

microgravity data acquisition, processing, and interpretation, the fol-

lowing list identifies specific steps which could facilitate and/or

improve the microgravity method:

a. In item 37a, use of state-of-the-art electronic surveying
systems for establishing survey grids and obtaining
relative elevations could substantially reduce data
reduction time for elevation surveys.

b. Develop computer algorithms for generating gravity
station occupation schemes for given survey area size 0
and shape and base station location; these schemes
should optimally randomize possible errors over the
gravity stations occupied between base station reoccupa-
tions, minimize walking distances, and include a desired
20 percent station reoccupation rate.

c. Develop computer programs for automatically correcting
gravity data and producing Bouguer gravity contour maps.

d. Develop automated techniques for making the regional-
residual separation and plotting residual gravity maps.

e. Develop automated techniques for generating processed
gravity maps.

f. Develop procedures for identifying and classifying
anomalies.

g. Develop efficient procedures for determining the
parameters of structural models.

42. Only selected aspects of this "shopping list" can be

addressed as part of the current effort; these aspects are briefly

discussed, three computer programs developed as part of this effort are

documented, and short selected examples of the use of the computer pro-

grams are presented. Finally, two more detailed examples will be

presented which illustrate the use of the computer programs for proces-

sing and interpreting gravity data.
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Gravity Station Occupation Schemes

43. In microgravity surveying, it is desirable to keep errors •

from all sources as low as possible; generally an accuracy of +5 pGal

or better is desired in order that anomalies at the lO-pGal level can

be detected (Butler, 1980a). The manner or sequence in which gravity

stations are occupied during a survey can greatly influence the accur-

acy and overall quality of a microgravity survey. All stations that are

occupied between successive reoccupations of the base station are

referred to as a program. Each program should be planned to allow a

base station reoccupation in less than one hour and to include gravity

station reoccupations at an average rate of about 20 percent. Since the

average time for acquiring gravity measurements in a microgravity survey

is about 5 min per station, a program generally will consist of '0 grav-

ity readings, of which typically eight readings would be "first-time"

station occupations and two readings would be station reoccupations.

44. Programs should be designed to occupy stations in a "zigzag"

or "leap-frog" fashion in order to distribute random errors and to pre-

vent any cumulative errors from combining to produce fictitious anoma-

lies or elongated anomalies such as can result from long, continuous

programs of station occupations (Butler, 1980a).* Figure 19 is a plan

of the gravity stations for the Manatee Springs site microgravity sur-

vey, showing several typical programs. Clearly, the station occupation

scheme shown in Figure 19 is not optimum, although errors will be

properly randomized. An optimally generated occupation scheme should

have approximately equal walking distances between each station in the

program, including the base station at the beginning and end of a pro- 0

gram. Optimal station occupation schemes are considered an important

aspect of microgravity surveying, and work will continue toward finding

expeditious manual or computer-aided methods for generating occupation

schemes.

Personal communication, 1979, R. Neumann, Compagnie Generale de

Geophysique, Massy, France.
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Use of Theoretical and Measured
Earth-Tide Records

45. Reoccupations of the base station during a microgravity sur-

vey are used to construct a survey drift curve. The drift curve, which

includes components due to both earth tides and instrument drift, is

used to correct measurement values at all stations in the survey grid 0

for time variations of the gravity values. It is assumed that the time

variation observed at the base station is the same at all stations.

Generally, the drift curve will consist of the earth-tide component,

which can actually be calculated theoretically for a given site, a long- S

term cumulative instrument drift component, and a noncumulative instru-

ment "drift" component, which can be caused, for example, by "rough

handling" of the gravity meter. Frequent base station reoccupations

coupled with the use of theoretical and measured tidal curves can be of 0

great value in assessing the magnitudes of these components of the drift

curve, for assuring the consistency of gravirneter performance during the

survey, and for improving the overall accuracy of microgravity surveys.

46. Figure 20 is an example of the use of measured and theoret- S

ical earth/gravity tide records in conjunction with the field drift

curve for the microgravity survey at the Medford Cave site. Since the

overnight tidal records were recorded in a different location (i.e., a

local motel room), the segments have been shifted vertically to best fit •

the base station curve. The phase of the two sets of data agrees quite

well, but the amplitude variations of the field curve are more extreme.

The arrow marks a base station reading just after an accidental jolt to

the gravity meter; because of the frequent base station reoccupations,

the recovery period after the jolt is adequately defined.

47. The theoretical curve in Figure 20 was produced by the pro-

gram TIDES, which is described later in this Part. There is approximate-

17 a 4-hr phase difference between the theoretical and measured tidal S

curves; such phase differences are not uncommon.* Discounting the phase

* An example is given later in this Part of a case where the phase

agreement is nearly exact.
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shift, there is good agreement between the amplitudes of the measured

tidal curve (open circles, Figure 20a) and the theoretical tidal cur e

(Figure 20b). The long-term cumulative drift of the gravity meter

appears to be about 2 pGal/hr, although there are nontidal meter drifts

much larger than this which are not cumulative. Theoretical tidal

curves can be produced prior to conducting field work to indicate the

nature of the tidal variation to be expected at a given site during a

given time frame.

TIDES: A Computer Program for Computing the
Theoretical Earth Gravity Tide

48. The tidal gravity variation at a point on the surface depends

primarily on two factors: (a) variation in gravitational attraction due

to varying positions on the sun and moon (and to a smaller extent the

planets) with respect to the point; and (b) amplification of the magni-

tude predicted by (a) due to yielding of the solid earth in response to

the varying attractive force, i.e., elevation of the point actually

varies with time.

49. Using the equations of Longman (1959), it is possible to

calculate the theoretical tidal effect at any point on the earth's sur-

face. The equations include a compliance or gravimetric amplification

factor to account for yielding. Comparison of theoretical and measured

earth tide records can in principle yield a determination of this

amplification factor for any location; typical values range from 1.138

to 1.240 (Garland, 1977). Observations of the earth tide can give

information not only on gross earth structure but also on anomalous

tidal yielding in areas of major faults or other significant tectonic

features. TIDES, modified from an original program by Robert Jachens,*

computes the theoretical earth tide for any location and any time inter-

val. A program listing of TIDES is in Appendix E.

Personal communication, Robert Jachens, U. S. Geological Survey,

Menlo Park, Calif.
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Input data

50. All data are input in free-field format. Data input are

explained as follows: 0

Input No. 1: NCOMP, MM

NCOMP--number of tidal input data sets
MM--time increment in minutes between tide value

calculations

Input No. 2: SLATD, SLATM, SLONGD, SLONGM, SELEV, DATEM, •
DATED, DATEY, TIMEH, TIMEM

SLATD, SLATM--site latitude in degrees (SLATD) and
decimal minutes (SLATM)

SLONGD, SLONGM--site longitude in degrees (SLONGD) and
decimal minutes (SLONGM) 0

SELEV--site elevation in metres (MSL)

DATEM, DATED, DATEY--starting date for calculation in
month (DATEM), day (DATED), and
year (DATEY) form

TIMEH, TIMEM--starting time for calculation in hours
(TIMER) and minutes (TIMEM), Greenwich
time (24-hr clock)

Input No. 3: NTOTAL

NTOTAL--total number of time increments to be calculated,
i.e., the total length of the tidal record will
be = MM x NTOTAL

Program output

51. Program output consists of a compressed listing of calcu- 9

lated tidal values and a plot of tide variation as a function of time.

Since the number of values calculated in a tidal record may be very

large, a compressed listing of just the tidal values separated by a

* short blank space in a continuous fashion is given; each value i' the

list is separated in time by MM-minutes. The calculated tidal values

are referenced to a zero value and have the proper sign for algebraically

adding to gravity survey values to correct for tidal variations if

* desired. Next, a plot of tidal variation versus time is generated using 0

PLOT2 (see Appendix B).
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Example

52. An example output plot from TIDES has already been discussed

(Figure 20). As another example, Figure 21 compares theoretical and

observed earth tides for Vicksburg, Miss., for a three-day period (16-

18 May 1980). The phases of the two curves in Figure 21 agree quite

well. Amplitudes of the minima and secondary maxima of the two curves

agree closely; however, the primary maxima of the measured tidal curve

are nominally 50 pGal larger than tne corresponding maxima on the

theoretical curve. There are two possible explanations for the ampli-

tude differences: (a) a small portion of the amplitude difference could

be due to using a compliance factor that is too small for the site

(1.160 was used); and (b) the electronic output of the gravimeter is

nonlinear relative to the null position (McConnell, Hearty, and Winter,

1974). Since the position of the tidal variation relative to the meter

null position will vary because of the superimposed approximately 2 pGal/

hr drift, the gravimeter tidal curve would require frequent nonlinearity

calibrations if used for quantitative tidal variation studies. The

vertical scale of the measured curve was generated about the actual out-

put position at 1930 hr on 18 May. At this time, drift has carried the

tidal variation curve to within about 120 pGal of saturation of the

electronic output on one side of the null position. The three events

superimposed on the tidal record on 18 May in Figure 21 are earthquakes

and illustrate an interesting application of the microgravimeter as a

long-period vertical seismometer. Monitoring gravimeter tidal variation

overnight during field surveys for the occurrence of large earthquakes

will alert field parties as to the source of larger than normal back-

ground noise, since large earthquakes will produce noise levels as large

as 100 to 200 pGals over a several hour period (Butler, 1980a).

Polynomial Surface-Fitting for Regional-Residual Separation

53. A polynomial surface-fitting procedure for determining

regional fields is presented by Coons, Wooland, and Hershey (1967) for

large-scale gravity surveys. This procedure was applied to the Manatee

50
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Springs microgravity survey data in order to determine its applicability

to small-scale surveys. Figure 22 is a Bouguer anomaly (Butler, 1980a)*

contour map for the survey. The surface-fitting procedure determines

best-fitting polynomial surfaces of various orders to the Bouguer data.

The basic concept is that, as successively higher order polynomial fits

are subtracted from the Bouguer values, the residual anomaly values

correspond to successively shallower structures (Coons, Wooland, and

Hershey, 1967; and Butler, Whitten, and Smith, in press). Figure 23

shows first- through fourth-order fits to the Bouguer anomaly values.

The polynomial surface fits were generated by a minicomputer using a

general purpose, BASIC-language, polynomial regression program. The

residual values are a direct output from the program.

54. Comparing the fits in Figure 23 to the Bouguer anomaly map

in Figure 21 reveals that successively smaller scale features of the

Bouguer map are reflected by the higher order fits, as expected. Clear-

ly, the second-order fit in Figure 23 reflects the effects of a local

structure; therefore, the first-order surface is selected as the appro-

priate regional. Figure 24 is the first-order residual anomaly map,

where the approximate location of the known cavity system is indicated

for comparison. The second-order fit in Figure 23 apparently indicates

the primary gravity effect of the known cavity system; subtracting this

second-order fit from the Bouguer anomaly map results in the second-

order residual anomaly map in Figure 25. The second-order residual map

primarily reflects anomalies caused by features shallower than the main

cavity system; the small anomaly indicated by the arrow in Figure 24

corresponds to a vertical solution pipe extending nearly to the surface

(discovered when a drill rig wheel broke through a surface soil bridge).

* The Bouguer gravity anomaly represents gravity survey data which

have been corrected for instrument drift, tidal variation, latitude S

differences between survey stations, and elevation differences

between stations (includes the free-air and Bouguer corrections)
and between each station and surrounding terrain features (terrain

correction).
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Gravity Interpretation by Two-Dimensional
Polygonal Cross-Section Models

55. A common procedure for gravity interpretation is to postu-

late a model which is consistent with the general features of the

observed gravity field, calculate the gravity anomaly for that model,

and compare it to the observed gravity anomaly field. If the gravity

field of the model is geologically reasonable, then the model can be

taken as a possible interpretation of the gravity anomaly (Butler, 1980a).

Many geologic structures can be considered approximately two-dimensional,

i.e., horizontal with constant cross section and constant strike, e.g.,

faults, block-faulted basins, synclines, anticlines, buried river

valleys, cavity systems, etc. The two-dimensional approximation is

generally adequate when the strike length is greater than four to six

times all other dimensions of the structure including the depth.

Talwani et al. (1959) developed an efficient algorithm for computing

the graviational effect of two-dimensional polygonal cross section

models using the line integral method of Hubbert (1948). Most two-

dimensional structures can be adequately approximated in cross section

by polygons with a small number of sides (<10 generally). In the case

of a horizontal circular cylinder model, for example, which is inscribed

by a polygonal approximation, the following table lists the ratio of

the maximum value of the polygonal model gravitational effect (g)zM to

the exact value for the cylinder gzE:

Number of Sides

of Model gzM/gzE

4 0.64 5

8 0.90

16 0.98

56. The computer program TALGRAD was written to compute

gravity as well as gravity-gradient profiles across arbitrary, polygonal

cross-section models using the Talwani algorithm. This program has

57
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proven extremely useful for predicting the gravity anomalies to be

expected from various known or postulated structures as well as for

interpreting gravity data in an iterative fashion. Figure 25 is an

example of the use of TALGRAD to compute the gravity anomaly to be

expected from the main cavity at the Manatee Springs site (using approxi-

mate depths and cross-section dimensions from cave diver reports).

TALGRAD as well as further examples of its use will be discussed later

in this Part.

TALGRAD: A Computer Program for Computing Gravity and Gravity-
Gradient Profiles Over Two-Dimensional Models

57. TALGRAD uses the procedure developed by Hubbert (1948) and

Talwani et al. (1959) to compute gravity and gravity-gradient profiles

over two-dimensional models. Actually, gravity profiles are computed on

the surface (z - 0) and at selected elevations above the surface (z = S

-DELZ, -2 DELZ, ..., -SMAX) at discrete profile points (separated by

DELX). The vertical and horizontal gradients are then calculated as

finite differences or interval gradients. A listing of TALGRAD is given

in Appendix F.

Input data

58. All input is in free-field format and the program will call

for the input variables by name. All length dimensions must be consis-

tent; either kft (1000's of ft) or m are acceptable. The density

contrast must be in g/cm 3 . Input data are explained as follows:

Input No. 1: K, DELX, DELZ, ZMAX

K--number of profile stations
DELX--distance between stations 5
DELZ--vertical distance between elevations at which

gravity is computed at each profile station
ZMAX--maximum elevation at which gravity is computed

(ZMAX is an integral multiple of DELZ)

Input No. 2: NPOLY

NPOLY--number of closed polygons comprising the model

Input No. 3:

Dimensions in kft (enter 1) or metres (enter 2)

58
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Input No. 4: DELRO, N

DELRO--density contrast for a polygon

N--number of corners in a polygon

Input No. 5: Xl, ZI, X2, Z2, ... , XN, ZN "

X,Z--coord4'3te pairs for polygon corners, N-pairs to

be input in clockwise order

(The preceding two input sequences, No. 4 and 5, will be repeated once

for each polygon. Also these two input sequences are repeated for each 0

elevation in the calculation.)

Input No. 6:

Option to calculate gravity gradients (enter 1) or not
(enter 2) and program execution will terminate.

Input No. 7: DELXX, DELZZ

DELXX, DELZZ--intervals to be used for horizontal and
vertical gradient calculations in incre-
ments of DELX and DELZ, respectively

* Input No. 8: HZ 0

HZ--elevation for which the horizontal gradient profile

is desired, in increments of DELZ (f0 to calculate
profile on the surface z = 0)

Input No. 9:

Option to recalculate gradients for different values of

DELXX and DELZZ--Yes, enter 1; No, enter 2

Program output

59. Both tabular listings and plots are produced by the program,

and many of the lists and plots are optional. The output sequence is 0

described below:

a. Following Inputs 4 and 5 for each polygon, a listing

summarizes all the input data for that polygon.

b. An optional listing of the results of the gravity pro-

file calculation is generated for elevation 0.

c. An optional plot of the gravity profile for elevation 0

is produced.

d. Optional listings and plots are produced for each addi-

tional elevation in the calculation.

e. A listing of the vertical gradient profile calculations

is generated.

f. A plot of the vertical gradient profile is produced.
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. A listing of the horizontal gradient profile calcula-
tions is generated.

h. A plot of the horizontal gradient profile is produced,
where the value is plotted at the midpoint of the hori-

zontal interval DELXX.

i. An optional gradient space plot is produced (i.e., g
versus g zz).

j" An optional plot of the square of the modulus (a (x))

of the analytic signal is produced, where a 2x) = 2 (x) g
2 '

zgx
k. The entire sequence of output from item e to j can be

repeated with different values of DELXX and DELZZ, if
desired.

Examples

60. Example 1. Figure 26 is an example of the use of TALGRAD to

compute the gravity profile over a model of the Manatee Springs main

o 0

Half AMWAWavelength

-3

aaximm

i ~ ~~~-41 i i I i

0 so 100 ISO 200 250 300 350 400

X. Ft
0

so |

100 -.
i : 150

IISO
Figure 26. Two-dimensional model of the main cavity at the Manatee

Springs site and a gravity profile computed by TALGRAD
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cavity; a complete listing of the input data and output listings for this

example is given in Figure 27.

61. Example 2. Fugro National, Inc. (1980) and McLamore and

Walen (1979) report the results of an extensive gravity survey in and

around Dry Lake Valley, Nev., in the Basin and Range Province. Using

the three-dimensional gravity inversion computer program of Cordell

(1970), the gravity data were inverted to yield a three-dimensional model

of the subsurface. For the inversion, a constant density contrast (of

-0.45 g/cm 3) was used. Figure 28 shows the residual gravity anomaly map,

and Figure 29 shows depth to basement rock contours from the three-

dimensional inversion. A section view model along profile AA' is given -.

in Figure 30. Since block faulting is the predominant structural style

of the area, the interpretation is reasonable. As an example of the use

of TALGRAD, gravity and gravity-gradient profiles along AA' were computed

*O  from the model in Figure 30. The gravity profile, the horizontal and

vertical gravity-gradient profiles, a gradient space plot, and a plot of

the square of the modulus of the analytic signal are shown in Figures 31-

34, respectively. Selected data from the three-dimensional inversion

results are shown in Figure 31 for comparison. This example will be

considered in greater detail later in this Part.

Determination of Vertical Gravity-Gradient Profiles
by a Hilbert Transform Procedure 0

62. Butler (1980a, b) suggests a procedure by which structural

model parameters can be determined by a simultaneous aralysis of both

the vertical and horizontal gravity-gradient profiles across a structure.

Except for shallow structures (<10 to 15 m depth), the use of a short

tripod and "microgal" gravimeter to determine interval vertical gradients

does not appear practical due to high levels of "gradient noise" caused

by very shallow density variations. The vertical gradient profile can,

however, be calculated from the horizontal gradient profile if the

source of the gravity anomaly is approximately two-dimensional. This

relation is expressed

61
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Figure 30. Structure model from 3D gravity inversion
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Figure 31. Comparison of gravity profile along AA' from TALGRAD
calculation using the model in Figure 30 with the results of a

3D gravity inversion
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z(X) (2)

where x is the profile point at which the vertical gradient is to be

evaluated, g is the vertical gradient, g ,x* is the horizontal

gradient, and the integral is to be interpreted in terms of its Cauchy

principal value.**

63. The program HILBERT was written, using an algorithm suggested

by Shuey (1972), to compute the discrete Hilbert transform of a set of

discrete profile data. The program as well as examples of its use will

be discussed later in this Part.

HILBERT: A Computer Program for Computing the Discrete
Hilbert Transform of Profile Data

Discrete Hilbert transform algorithm S

64. The Hilbert transform relation between a continuous profile

function f(x) and a continuous transformed profile function q(x) is

q(x) = f(8 d
Wf f- d6

fh(x) H(f(x)) (3)

Now let f(x) be a discrete set of uniformly spaced data, and approxi-

mate the data by a parabola centered on the singularity of the integrand

gz re g/z/ and gz g /ax , where g is the vertical

component of the gravitational acceleration (z-axis downward)
** I.e., the integral is interpreted in the sense

lim x-a 

SO

a-+O + gz_ (
_

00 x+a -x d
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8-x (passing through 8 and the two adjacent points) and with a linear

fit to all other pairs of points in the profile data. Using this approxi-

mation to the discrete set of profile data, Equation 3 can be numerically "

integrated in a straightforward manner.

65. The diagram below defines the terminology for considering

the parabolic fit centered on the singularity.

f-I f. ;f

-1 0 +1
i-l i i+l

66. For simplicity in the derivation, a unit digitizing interval

is used and the singularity is taken to be at 8=0 at the ith data

point. The parabolic fit to f(8) is defined as follows:

f(O) - a + b + Ca2  (4)

f(o) = f = a0

f(+l) = f= a + b + c (5)

f(-l) = f 1  a- b + c

Equation 5 can be solved for the empirical constants in Equation 4 as

follows

a= f
0

f - f-

f - f
c 1 f

2 o

and Equation 2 can be written

f(8) f + (f1  f-) (f1 + f-i ) 20 2 0 + 2 fo0 (6)

680
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4- "

Equation 6 can now be substituted into Equation 3 to find the contri-

bution to the integral from the parabolic fit centered on the singularity

1S

I f f-..maB d iO [fonIBI + (f f-1) + (f1 + f-l fo) 021+l

- (f - f(7) )

67. Examining the linear fit to the first two data points to the

right of the singularity, as an example, yields

f 1,f
i 2
1 2

i+l i+2

f(x) = a + bx

f a + b81

S2 =a + b82

a = f- b8 1

b = (f2 - fl)I(82 - a1)

f(8) f1 + (a2 ) 28)

= f 182 - f281 +(f 2 - f)8
82 81 82 81

f1 (8 x) - f2(81 -x) (f2 - f1)(8- x) •
82 - 81 82 81 (8)
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Equation 8 can be substituted into Equation 2 to evaluate the form of

one of the terms resulting from the successive linear fits to pairs of

data points:

[ i2 f( 2 -f 2 0 1  -

- "8) da =-1 -2B Zn

+ (f2 - f1 ) (9)

If a unit digitizing interval is again assumed, 82 - 81 = 1.

68. The complete expression for the numerical evaluation of

Equation 3 for a discrete set of profile data will be the sum of Equa-

tion 7 and a series of terms of the form of Equation 9 for all data

pairs to the right and left of the singularity. Necessarily, in practice,

the profile will be finite in length; this will cause no problem in

regard to the limits of integration of Equation 3 if all values of

f(8) are zero beyond the ends of the profile, which can be simulated

by adding a zero to each end of the discrete data set. If the profile

is a "residual" profile which approaches zero at the ends of the data

set, then the simple procedure of dropping the profile to zero outside

the data will present no problems. Otherwise, a more elaborate extrapo-

lation to zero beyond the data may be needed. If there are N data

values in the set, shift the data one position to the right and add a

zero at n = 1 and n = N + 2 . Considering this revised data set,

the result of summation of Equation 7 with all the terms of the form of

the second term of Equation 9 is the value of 1 (f - f ) which is
7r N+2 1

identically zero. Thus, remaining is a summation of terms of the form

of the first term of Equation 9 involving data pairs to the right and

left of the singularity (but not including the singularity itself).

The result will be called the discrete Hilbert transform H D(f(x)) or

fD(x) . The above procedure is repeated for all profile positions x

Program input and output

69. The computer code HILBERT, listed in Appendix G, evaluates

the discrete Hilbert transform using the algorithm discussed above.

70
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Input to HILBERT consists of the number of data values N , the actual

• profile spacing between points DELX, and the profile values T Output

consists of a tabular listing of profile position X , profile data value

T , discrete Hilbert transform H the value A(=T + H ) and plots

of T versus X , H versus X , H versus T , and A versus X

In practice, T will generally be the horizontal gravity gradient

(tabular column labeled GX,X ) and H will be the computed vertical

gravity gradient (tabular column labeled GZZ ).

Example: a test of the discrete
Hilbert transform algorithm

70. A procedure for testing the proposed algorithm for evaluating

the discrete Hilbert transform can be formulated by examining the prop-

erties of the Hilbert transform. From the definition of convolution

(denoted by *), Equation 2 can be expressed as:

fH(x) = (- ) f(x) (2)

Applying the convolution theorem gives:

A F(fH(x)) = i sgn(s) F(f(x))

where F denotes the Fourier transform and s is the transform variable.

Inverting this equation gives

F(f(x)) = -i sgn(s) F(fH(x))

f(x) = (ix) * fH(x)
* 0

= _{-(ff1 * f Cx)

f(x) = -H(fH(8)) (10)

71

4 P 1 a W 1 1 1P



Equation 10 suggests the following test for the discrete Hilbert trans-

form algorithm:

if fD (x) = fH(x)
if f

then HD(fD(x)) - fD(x) (11)

D
where f (s) denotes the discrete profile data set. That is, two

successive applications of the discrete Hilbert transform to the profile

data set should yield the negative of the original profile data set.

71. Consider the simple functional relation:

.1
f(x) 1 (12)

l+x 2

which has the analytic Hilbert transform (Erdelyi, 1954) 0

fHx W -x2 (13)
+ x

Equation 12 is a symmetric function with half-width at half-maximum 0

equal to 1.0, maximum value equal to 1.0 at x = 0, and asymptotes which

approach 0 in both directions. As a first test, the function f(x) is

sampled or discretized at increments Ax = 1 over the range -10 < x < 10

and set equal to zero outside this range. Figure 35a contains the S

tabular output resulting from inputting fD (x), with fH(x) being the

computed discrete Hilbert transform. In Figure 35b, f (x) is

the input data and HD(fH(x)) is the output (i.e., the output represents

two successive Hilbert transform operations applied to f D(x)) . Plots 0

of fD ( , f (x) , and HD(fD(x)) are shown in Figure 36. Qualita-

tively, HD (f(x)) can be recognized as the negative of fD(x) ; however,
H D

the maximum absolute value is 0.71 compared to 1.0 for f (x) , the half-

width at half-maximum is 1.5 compared to 1.0 for f (x) , and the two

ends of the calculated profile cross the x-axis while the f (x) profile

does not.
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f0

1..X ___W f D(K) HO__fHD

- *0.0 0.00990 0.1059ks
-9.1) 0.:01 9 0.11373 -10.0 0.10598 0.11857

-8.0 0.01530 0.12621 -9.0 0.11373 0.07730

-7.0 Q.02(000 0.14276 -8.0 0.12621 0.06254

-6.0 0.02702 0.16485 -7.0 0.14276 0.05120

-5.)) 0.03846 0.19527 -6.0 0.16485 0.03959

-4.0 0.05882 0.23911 -5.0 0.19527 0.02453 0
-3.0 0.10000 0.30589 -4.0 0.23911 0.00029

-2.0 0.20000 0.40823 -3.0 0.30589 -0.04874

-1.0 0.50000 0.44459 -2.0 0.40823 -0.18225
0 1.00000 0.00000 -1.0 0.44459 -0.49781

1.0 0.50000 -0.44459 0 0.00000 -0.71351

2.0 0.20000 -0.40823 1.0 -0.44459 -0.49781

3.0 0.10000 -0.30589 2.0 -0.40823 -0.18225

4.0 0.05882 -0.23911 3.0 -0.30589 -0.04874

5.0 0.03846 -0.19527 4.0 -0.23911 0.00029

6.0 0.02702 -0.16485 5.0 -0.19527 0.02453

7.0 0.02000 -0.14276 6.0 -0.16485 0.03959

8.0 0.01538 -0.12621 7.0 -0.142765 0.05120

9.0 0.01219 -0.11373 8.0 -0.12621 0.06254

10.0 0.00990 -0.10598 9.0 -0.11373 0.07730

10.0 -0.10598 0.11857

Figure 3fa.Discrete Hllbert transform Figure 35b. Discrete Hlilbert transform

f. of fD of Df

Figure 35. Tabular output from HILBERT for test case with

Ax = I and - 10 < x < 10

72. To illustrate the effects of data spacing Ax and profile

length, several additional tests were conducted using the same function

f(x) . Firue 37 shows plots of fD (x) , f D(x) , and HD(fD(x)) for

Ax = 0.5 and the same profile length as in the previous test. The

maximum absolute value for HD(f (x)) is now 0.86 compared to 0.71 for

D
the previous test case and to 1.0 for f (x) . Also, the half-width at

half-maximum is 1.05, very close to the value for f D(x) . The behavior

of the ends of the HD(fD(x)) profile is similar in both test cases.

73. For another test case, the data spacing is the same as the

first test Ax = 1 , but the profile length is doubled (-20 < x < 20).

The maximum absolute value of H (fH(x)) is 0.74 and half-width at half-

maximum is 1.45. The results for this case are shown in Figure 38. The

primary effect of doubling the profile length compared to the first

test case is to reduce the distortion near the ends of the profile line.

74. Significant features of the above three test cases as well

as three additional ones are summarized in the following tabulation:

73
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Figure 36. HILBERT test case for Ax 0.1 and -10 < x < 10
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Figure 38. HILBERT test case for Ax = 1 and 20 < x < 20

Test Case
Profile IHD,(X))I Half-Width at Value at Ends of

Ax Length I\Hfx))I max Half-Maximum Profile

1 -5, 5 0.66 2.60 0.17
" 0.5 -5, 5 0.80 2.00 0.22

0.25 -5, 5 0.86 1.86 0.27
1 -10, 10 0.71 1.50 0.12
0.5 -10, 10 0.86 1.05 0.14
1 -20, 20 0.74 1.45 0.07

Analytic results 1.0 1.0 - 0

75. The function f(x) in Equation 12 is a stringent test for

the discrete Hilbert transform algorithm, since it is so sharply peaked.

Sampling at Ax = 1 is rather coarse for this particular f(x) , yet

even for this case the results of the test (two successive applications

of the discrete Hilbert transform) improve significantly as the profile

length is increased. Also, for a given profile length such as (-5, 5),

* the test results improve significantly as Ax is decreased, although

the usual "law of diminishing returns" holds. Of course, simultaneously

decreasing Ax and increasing the profile length is the key to improving

the results. The column listing the value at the ends of the profile

indicates the "errant" behavior of the ends of the doubly transformed 0

function due to the manner in which the profile is truncated. Increasing

the profile length decreases the magnitude of this "errant" behavior,

while decreasing Ax increases it.
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Manatee Springs Microgravimetric and
Gravity-Gradient Surveys

Scope of microgravimetric and S

gravity-gradient surveys

76. The microgravity survey at the Manatee Springs site con-

sisted of 186 stations over a 100- by 400-ft (,30- by 122-m) area with a

basic grid interval of 20 ft (6.1 m). LaCoste and Romberg Model D-25

gravity meter was used for the survey. The survey grid was oriented

approximately perpendicular to the known trend of the cavity system, as

shown in Figure 3. Grid point (0,200) was used as a base station and

was reoccupied on an average of once every 30 min (see Figure 19).

Details of the microgravity survey procedure can be found in Butler,

Whitten, and Smith (in press). In addition to the microgravity survey,

a tower vertical gradient survey (Butler, 1980a) was conducted along

the SW-NE line extending from (40,0) to (40,400); this survey consisted

of 21 vertical gradient stations.

Residual gravity anomaly map

77. Results of the microgravity survey and the procedures used in

determining the residual gravity anomaly values are discussed earlier in

this Part and presented in Figures 22-25. The first-order residual

anomaly map in Figure 24 is selected as the representation which reflects

the gravity anomaly due to the main Manatee Springs cavity. The broad

negative anomaly over the known cavity system in Figure 24 is consistent

in magnitude and width with the known size and depth of the cavity

system (see Figure 26). However, there are complexities or smaller

anomalous features in the residual map which cannot be attributed to the

main cavity; some of these smaller anomalies are due to smaller and

shallower solution features or other density anomalies as discussed

previously.

' Vertical gradient survey results

78. The five tower measurement elevations shown in Figure 39 were

utilized during the vertical gradient survey; because of difficulties

in obtaining readings only five gravity values at the upper elevation

h4 were obtained along the profile line. Since the measurement sequence

76
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Figure 39. Illustration of the five gravity measurements and asso-

ciated elevations which were utilized to determine interval vertical S
gradients along a selected profile line at the Manatee Springs site;

nominally, h = 0.6 m, h2 = 1.0 m, h3  1.4 m, h4  1.6 m

at each profile location required 15 to 25 min, the ground station h0
was reoccupied at the end of each sequence and the data were shift-

corrected in the usual manner.

79. Considering elevations h , hl , h2 P andh 3 , six interval

gradients can be determined as well as differential gradients at any

point within the interval h to h3 using a parabolic fitting proce-

dure. Results of three of the determinations of vertical gradients are

shown in Figure 40: Ag~/AzOl and Ag03/ Az0 3 , where Ag 1  1 - go ,

Az 1 = h1 - h, and similarly for Ag 3 and Az 0; (3g/h) 0 which

is the differential gradient at h , determined from a parabolic fit

to the data at ho I h I , and h3 and evaluated at h. The five

values of Ag0 4 /Az0 4 are also shown. All three profiles exhibit

* 
0
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considerable variation, with several gradient anomalies as large as

10 percent of the normal vertical gradient. Generally, the Ag'3/Az0 3

profile is smoother than the other profiles as expected, since it should

be less affected by very shallow density anomalies. All three profiles

behave qualitatively the same except at profile positions 0, 40 to 60,

200, and 360 where the Ag;3/Az0 3 profile behavior is clearly at

variance with the other two profiles. In many locations the three

values are nearly identical; and at the 100- and 300-ft profile positions

all four values are nearly equal and also nearly equal to the normal

gravity gradient; which implies a linear variation of gravity with

elevation at these locdtions. There is, however, no obvious indication -i

of an anomaly which could be caused, by the subsurface cavity system.

Horizontal gradient determinations

80. Using the gravity data along the selected profile line, inter-

* val horizontal gradient profiles can be determined using various values •

of Ax . Clearly, for cases where there is no regional gradient along

the profile line, or where the regional gradient is linear in thp pro-

file direction, the results will be identical whether the Bouguer anomaly

or the residual anomaly values are used to compute horizontal gradient. S

When the above conditions do not hold, there will be a regional component

present in the gradient profile. In the present case, it is preferable

to use residual gravity values. Horizontal gradient profiles for Ax

equal to 20, 40, and 80 ft (6.1, 12.2, and 24.4 m) are shown in Figure 41,

where the residual gravity values from Figure 23 were used. The profiles

in Figure 41 clearly become smoother with increasing Ax . Importantly,

all three profiles show "average behavior" consistent with the known

* cavity system with center at profile position 200 ft. The Ax = 20-ft S

profile, however, is so erratic that the "cavity gradient signature" is

effectively masked. The gradient "signature" of the cavity is enhanced

by Ax values which are larger than the effective depths of the shallow

* anomalous features causing the erratic behavior of the Ax = 20-ft S

profile. Accordingly, the Ax = 80-ft profile data will be used for the

considerations which follow.
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Comparison of results with two-
dimensional model calculations

81. The cavity system was modeled as a two-dimensional, hori-

zontal cylinder with rectangular cross section as shown in Figure 26, 0

and TALGRAD was used to compute horizontal and vertical gravity gradients.

In Figure 42, the computed horizontal gradient profile is compared with

the measured horizontal gradient profile for Ax = 80 ft. The average

behavior of the measured profile approximates the calculated profile 0

quite well in amplitude and spatial wavelength, with the amplitude of

the measured profile slightly larger on the right-hand side. HILBERT

was used to compute a vertical gradient profile from the measured hori-

zontal gradient profile for Ax = 80 ft . This profile, computed by 0

the Hilbert transform procedure, is compared in Figure 43 to the vertical

gradient profile computed from the two-dimensional model. Again, the

agreement between the two profiles in Figure 43 is good with respect to

amplitude and spatial wavelength; however, the Hilbert transform profile 0

has maximum amplitude at position 240 ft rather than 200 ft and has a

prominent positive peak at 320 ft.

82. Gradient space plots prepared from the profiles in

Figures 42 and 43 are shown in Figure 44 for the two-dimensional model 0

and for data derived from the field measurements. The somewhat subtle

differences noted in the profile data plots are more apparent in the

gradient space plot; to profile position 200 ft (lower half of plots

in Figure 44), the agreement between the two plots is good, but from 0

profile positions 200 to 400 ft (upper half of plots in Figure 44), the

two plots differ significantly in magnitude. The results in Figure 44

suggest that the simple two-dimensional model which was selected may not

approximate the cavity system very well. Indeed, reports of both a S

cave diving team and a very limited verification drilling effort confirm

that the cavity svsLtm is extremely complex. The cavity varies errat-

ically in cross-sectional shape and size; a vaulted ceiling is common

and numerous smallor branching cavities are present. Also, drilling •

indicates more extensive solutioning to the northeast of the (0,200) to

(100,200) line than southwest of it, which is consistent with both the

residual gravity map and the gravity-gradient results.
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Figure 41. Interval horizontal gradient profiles for three values
of Ax along the (40,0) to (40,400) profile line at the Manatee

Springs site
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4 Figure 42. Comparison of measured and calculated (using TALGRAD)
interval horizontal gradients along the (40,0) to (40,400) pro-

file line at the Manatee Springs site
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Figure 43. Comparison of vertical gradient profiles, determined from
two-dimensional model calculations using TALGRAD and from the Hilbert
transform of the measured horizontal gradient profile using HILBERT
for the (40,0) to (40,400) profile line at the Manatee Springs site
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Figure 44. Gradient space plots for gradient data along the (40,0)
to (40,400) profile line at the Manatee Springs site
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Verification drilling results

83. Because of time and fiscal constraints, only a very limited

number of verification borings was possible at the Manatee Springs site.

Unfortunately, the six verification borings were located to investigate

various gravity anomalies as well as anomalies indicated by other geo-

physical surveys and not specifically to investigate anomalies along the

gravity-gradient profile line. Likewise, most of the six borings placed
0

to accommodate crosshole surveys of various types were placed to the

northeast of the gradient profile line. Two borings, however, allow

direct confirmation of vertical gradient anomalies shown in Figure 40.

Overall the borings indicate that typically limestone is encountered atI
depths of 13 to 17 ft (4 to 5.2 m), although limestone pinnacles rise to

within 5 ft (1.5 m) of the surface in placed and clay-filled pockets in

the top of the limestone extend to depths of 27 ft (8.2 m) in places. A

boring near gradient profile position 120 ft encountered a clay pocket

which extended to 27-ft depth (limestone typically is encountered at

17-ft depth in this area); the vertical gradient profiles show a promi-

nent negative anomaly at this location. Another boring near gradient

profile position 280 ft encountered a clay pocket extending to 16-ft

depth (limestone typically is encountered at 13-ft depth in this area);

the vertical gradient profiles show a negative anomaly at this location.

84. The boring near gradient profile position 280 ft encountered

a significant clay-filled cavity in the 90- to 105-ft (27- to 32-m)

depth range; this is the same depth range as the known water-filled

cavity to the southwest. The discovery of this clay-filled cavity feature

suggests that solution features extend considerably northeast of the

known cavity system under the gradient profile line, which is completely

consistent with the gradient profile data in Figures 42-44.

Conclusions

85. The results of drilling at the Manatee Springs site confirm

that the larger magnitude, short spatial wavelength anomalies which

appear in the measured vertical gradient profiles in Figure 40 are due

primarily to relatively shallow (<20 ft or 6 m) density anomalies such

as clay pockets and limestone pinnacles. The lower amplitude, longer
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spatial wavelength anomalies which appear in the measured horizontal

gradient and Hilbert transform vertical gradient profiles in Figures 42

and 43 are due to the deeper (>80 ft or 24 m) main cavity system. The S

large amplitudes of the vertical gradients caused by shallow feature

at the Manatee Springs site completei; mask any possible expression in

the measured vertical gradient profile of the low amplitude anomaly due

to the deeper cavity system, at least in vertical gradient profiles 0

determined with a short, portable tripod. A much taller tower (>20 ft

or 6 m in height) with lower measurement station several feet (1 to 2 m)

above the ground would be required to have any chance of detecting the

vertical gradient anomaly caused by the cavity system; even then, it is 0

unlikely that a 0.001 mGal/m gradient anomaly could ever be detected by

a tower (interval) measurement procedure.

Gravity-Gradient Analysis of a Selected Gravity S
Profile Across Dry Lake Valley, Nev.

Concepts

86. One of the important and powerful aspects of the gravity-

gradient analysis and interpretation procedures (Butler, 1980a, b, c)

is that they can be applied to existing good quality gravity data at any

scale. Gravity profiles can be digitized; and using the basic digitizing

interval as a starting point, horizontal gradient profiles can be com-

puted for various multiples of the basic interval. The Hilbert transform

procedure is used to compute vertical gradient profiles, and then the

gradient space plot and modulus of the analytic signal plot can be con-

structed. Implicit in the procedure just described is that the struc-

tural aspects of the problem being analyzed are two-dimensional. If a

gravity contour map is used as a starting point, gravity profiles should

be selected across and approximately perpendicular to the trend of anom-

alies which in some sense can be considered to be caused by a two-

dimensional structure. If the starting point is a gravity profile, it

should cross a known structure which can be considered approximately

two-dimensional in nature, striking nearly perpendicular to the profile
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line. An example of the first of these cases is presented here, i.e.,

a gravity profile is selected perpendicular to the major trend of an

elongated gravity anomaly associated with an alluvial basin in the

Basin and Range Province.

Background

87. The Dry Lake Valley gravity survey is briefly discussed

earlier in this Part as an example of the use of TALGRAD.

88. Dry Lake Valley is located in central Lincoln County, Nev.,

approximately 170 km north-northeast of Las Vegas. The gravity survey,

consisting of 1069 stations in and around Dry Lake Valley, was conducted

by the Defense Mapping Agency (DMA) in the summer of 1977. Correction

of the gravity data was performed by DMA and Fugro National, Inc. person-

nel to produce a Bouguer anomaly map. The regional field was derived by

fitting a second-order polynomial surface to Bouguer anomaly values on

bedrock outcrop stations around the valley. Subtracting the derived

regional field from the Bouguer anomaly map yielded the residual anomaly

map shown in Figure 28. Complete details of the site, gravity survey,

and data correction procedures are given in Fugro National, Inc. (1980)

and McLamore and Walen (1979).

89. Dry Lake Valley exhibits typical basin and range structure,

with the valley probably occurring above a graben between two high angle

normal basement faults on the east and west sides of the valley. Out-

crops in the mountains on the western side of the valley are predomi-

* nantly Tertiary ash flow tuffs with some Paleozoic carbonates; while the

*mountains on the eastern side are predominantly the Paleozoic carbonates

with only minor amounts of the Tertiary tuffs. The valley fill consists

of unconsolidated to partially consolidated silt, sand, and gravel

derived from adjacent highlands. Primarily the fill materials are

Tertiary and early Quaternary alluvial fan deposits (72 percent by area)

and fluvial and stream terrace deposits (16 percent).

90. The three-dimensional model and interpretation discussed

previously and shown in Figure 29 were constrained by (a) results of

two long intersecting refraction lines in the north end of the valley,

(b) several shallow (<500 ft or 150 m) boreholes throughout the central
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portion of the valley, and (c) a knowledge of the structural style of

3the region. A density contrast of -0.45 g/cm (between alluvium and

carbonate bedrock) was determined by trial and error gravity interpre-

tation to yield the best "tie" of the refraction results. This density

contrast agrees with published density values for bedrock and alluvium

materials in the area (McLamore and Walen, 1979). An interesting feature

of the interpretation shown in Figure 29 is that the placement of the

faults was determined from an examination of the second vertical deriva-

tive of the gravity field; i.e., the faults are placed along the zero

contour of the second derivative field. This procedure places the

surface trace of the eastern boundary fault about 1 mile west of the 0

surface cracks in the alluvium, which have been mapped as a fault.

Gradient interpretation

91. Profile AA" in Figure 29 was chosen for gradient analysis

and is plotted in Figure 45.* The gravity profile was digitized at 1-km 6

intervals and horizontal gravity gradients were calculated for Ax = 1,

A

~ ~170 ••
'

-. ISO. 30 '

200 • .00

250 • -S

-----4 RSIUA 0

S.... -4 *ur :ML

Figure 45. Bouguer anomaly (CBA), regional field, and residual anomaly

for Profile AA' (see Figure 28)

4 2, 3, and 5 km. HILBERT was used to calculate vertical gradients from 0

each of the horizontal gradient profiles, and the gradient profiles for

the four cases are shown in Figure 46. The gradient profiles clearly

become smoother and exhibit fewer "complexities" as Ax increases due

4 to the filtering properties of the interval measurement procedure; and 0

the gradient profiles for Ax = 5 m closely resemble those for a

* A much larger version of this gravity profile was used for digitization.
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horizontal cylinder (the simplest two-dimensional structure). The

gradient profiles for Ax = 1 km , however, exhibit features, in the

central portion, which closely resemble the profiles for a grabenlike

structure. Gradient-space plots for the Ax = I and 5 km cases are

given in Figure 47, which further illustrates the qualitative features

discussed above (Butler, 1980 a, b, c).

92. For purposes of gradient interpretation, the gradient pro-

files and gradient-space plot for Ax = I km will be utilized.*

Figure 48 is a larger scale plot of the gradient profiles for Ax = 1 km

It is evident from an examination of Figures 47a and 48 that the struc-

ture causing the gradient anomalies is more complex than a grabenlike

structure with nearly equal side slopes and a horizontal "floor."

Because of the complexities evident in the gradient-space plot, the inter-

pretation procedure will rely on an alternative procedure in which

(a) the vertical gradient profile is used to locate profile positions 0

of structural corners, and (b) the gradient-space plot is used to deter-

mine slope angles of the graben bounding-faults and their projected

surface intersection points.**

93. Six points are labeled in Figure 48, with points E, F, G,

and H assumed to be associated with the central graben structure.

Points D and I are located at profile positions corresponding exactly

to locations of vertical gradient peaks, while points E, F, G, and H

are shifted by Ax/2 relative to the associated vertical gradient peaks

* The result of using the profiles for Ax = 2 km for the interpr,

tation would be nearly identical to that presented for the Ax = 1 km
case. The interpretation resulting from using the Ax = 3 or 5 km •
profiles would be different, since the gradient features due to shallow
structures cannot be recognized.

•* For the ideal case of a nearly symmetric, graben structure model,
generally all of the parameters of the model can be obtained from an
analysis of the gradient-space plot alone, including profile locations
and depths of the four corners of the model. The gradient-space plot •
will be the superposition of tao ellipses, and the inclination of the
long axes of the ellipses to the horizontal axis (vertical gradient
axis) defines directly the slope angles of the sides of the graben
model relative to the horizontal.
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Figure 48. Gravity-gradient profiles along AA (see Figure 28)
for Ax = 1 km

to qualitatively compensate for gradient profile "broadening" due to

sampling and superposition effects.

94. Angles of -48* and 68, relative to clockwise rotations from

the gZ, axis, are defined in Figure 47a for the lower and upper ellip-

ses, respectively. Also, points labeled C' and CC' and corresponding

profile locations are shown for the lower and upper ellipses, respec-

tively; these points are assumed to be the surface projection of the

side faces of the graben structure. The slope angle and C' for the

upper ellipse are fairly well defined. However, the slope angle and C,

for the lower ellipse are not as well defined; there is clearly subjec-

tive judgment involved in the definition of C'

95. By use of the parameters defined in Figures 47a and 48, the

structural geometry shown Ln Figure 49a can be constructed. Points D

and I are assumed to ue at or very near the surface and connected to

points E and H, respectively, by straight lines. Maximum depth to rock

of x,5.4 km is predicted at point G. The structural model of the valley
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a. Structural model deduced by gradient methods
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b. Structure model from 3D gravity inversion

Figure 49. Structural models deduced from Dry Lake Valley gravity
profile AA' using two different interpretive methods 0

fill-bedrock geometry is deduced directly from the gradient data with

no assumptions regarding density contrasts.

Comparison of gradient and three- S
dimensional gravity interpretation

96. The results of the three-dimensional gravity inversion along

profile line AA' are shown in Figure 49b (also in Figure 30). Qualitative-

ly, the two interpretations shown in Figure 49 are very similar, and the

slope angles of sides EF and GH in Figure 49a and their counterparts in

Figure 49b differ by 1 an4 5 dieg, respectively. The primary quantitative

difference is the rather dramatically larger predicted depth to the
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carbonate bedrock predicted by the gradient model. Profile locations

of points D and I are approximately the same in both models; however,

profile locations of points E, F, G, and H in the two models differ by

amounts varying from 0.5 to 1.5 km.

97. Although several explanations might be advanced to explain

the discrepancies between the two models in Figure 49, only two will be

presented and discussed: (a) possible etrors in the locations of

points E, F, G, and H in the gradient model, and (b) errors in depth in

three-dimensional gravity model due to selection of density contrast.

Small errors in location and hence spacing of the points E, F, G, and

H could produce significant errors in depths to the corners of the

structural model, due to the relatively steep slopes of the sides of the

graben structure. If the model shown in Figure 49b, from the three-

dimensional gravity inversion, is correct, then using the depths to the

corners E and H as a measure of the parameter C. , the "depth" to the

model, results in Ax/;, n 2 (Ax = I km, c. nu 0.5 km). From previous

considerations (Butler, 1980a, b, c), it is known that amplitude attenua-

tion and increase in spatial wavelength of the horizontal gradient profile

become significant for Ax/ o = I and become very pronounced for

Ax/,,. = 2 . These distortions of the horizontal gradient profile due to

the sampling process will be reflected in the vertical gradient profile

(computed with HILBERT) by increased separation and broadening of the

peaks (relative maxima) corresponding to corners E and H, leading to

values for the distances EF and GH which are too large. It is note-

worthy, however, that the locations of corner H and its surface projec-

tion C" for the gradient model in Figure 49a are more consistent with

surface cracks in the alluvium than the corresponding locations in

Figure 49b.

98. An equally plausible explanation for the differences in the

two models in Figure 49 is that the predicted depths in Figure 49b are

too small due to the use of a density contrast which was too large

(Butler, 1980a). The density contrast of -0.45 g/cm 3 used for the three-

dimensional gravity inversion corresponds to the density contrast for

shallow sediments relative to basement rocks. Since the sediment density
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will increase with depth, -0.45 g/cm3 must be viewed as a maximum

density contrast (Fugro National, Inc., 1980). Thus, the depths calcu-

lated from the three-dimensional inversion are likely too small, parti-

cularly for the base of the graben. Additional modeling with different

*i density contrasts or a density contrast function that decreases with

depth was not considered to be justified by Fugro because so little is

known about the actual density distribution in and around the valley.

Without further information, such as a deep boring in the center of the

valley or a long refraction line in the center of the valley, it is not

possible to resolve the discrepancy between the two models in Figure 49.

Density contrast considerations seem clearly to favor a valley model with

greater depth than in Figure 49b. Since the model in Figure 49a,

deduced by gravity-gradient techniques, was produced without assumptions

regarding density contrast, it seems to be the preferred model. The

best constant density contrast for the valley, corresponding to the

* gradient model in Figure 49a, could not be determined by using TALGRAD

in an iterative fashion, varying only the density contrast until the

calculated and measured gravity profiles agree. This example is pre-

sented in considerable detail to illustrate the manner in which some of

the analytic techniques developed in this research effort can be utilized

to analyze field data to determine geologic structure and geophysical

properties.
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PART IV: SEISMIC METHODS

Background

99. The seismic methods all involve the generation, propagation,

and detection of seismic waves. Seismic waves are generated in three

ways in surveys for geotechnical applications: impact sources, e.g.,

weight drop or hammer blow; explosive sources, e.g., dynamite, exploding

bridgewire (EBW) detonators, and air guns*; and vibratory sources

(constant frequency or swept frequency sources). Detection of the seis-

mic waves is generally by velocity transducers called geophones. The

objective of the seismic methods is to deduce properties of the media

through which the seismic waves pass from properties of the detected

wave forms (primarily the arrival times of various events or types of

waves at the geophones). Two seismic methods are considered here: the

seismic refraction method and the crosshole seismic method.

Seismic refraction method

100. The seismic refraction method is a surface survey technique

in which the source locations and geophones are along a common line.

Figure 50 illustrates the concept of the seismic refraction method, where

the time-distance plot represents the arrival times of the first event

at each geophone location. The first event at a given geophone will be

due to a wave which propagates directly from the source or to a wave

which is refracted along an interface with a higher velocity material.

The first-arrival time-distance plot can be analyzed to give the velo-

cities of subsurface soil/rock layers and depths to interfaces; Figure 50

* illustrates the analysis for the simple case of two horizontal layers

*- (Department of the Army, 1979).

101. For the case of three horizontal layers, the analysis of

the time-distance plot to yield layer velocities and interface depths is

still tractable by manual methods. Also, the case of two layers where

the interface dips relative to the surface can be similarly analyzed

* Air guns generate seismic waves by a sudden release of compressed gas.
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Figure 50. Simple two-layer case with plane, parallel boundaries, and

corresponding time-distance curve (after Redpath, 1973)

using manual methods (Department of the Army, 1979; and Telford et al.,

1976). However, for the cases of greater than three horizontal layers

and greater than two dipping layers, a programmable calculator or a

minicomputer is desirable for the interpretation. The presence of dipping

layers is indicated by an examination of the time-distance plots from •

forward and reverse "shooting" along a seismic survey line, i.e., from

data obtained by using a source at each end of the geophone line.

Figure 51 illustrates the appearance of the time-distance plot for a two-

layer case with dipping interface, where the apparent velocity of the

second layer is always greater when "shooting" in the updip direction.

102. In the past, seismic refraction data processing has involved

manual "picking" of first-arrival events and scaling arrival times, often

95

40 0 40 0 411 0 0 0 40 9 0 0 10 0 0 S



Total time, Tt
or

reciprocal time

---------------':" Slo e =U.ivz '
2UU,..i~ i.:Slope

Down-dip lvd

Slope= 1/v 1

Distance

Dd

*. iv i .

Ydip angle

Figure 51. Example of dipping interface and concepts of "reverse

shooting" and "apparent velocity" (after Redpath, 1973)

using a variable scale, from analog records. The time-distance data

were then manually plotted, and straightline segments were fit to the

, data if possible. Velocities were then determined as the inverse of the

;* slopes of the line segments. Interface depths and dips were then deter-

- mined manually. This is still a common procedure, particularly when r.

refraction survey data are processed and interpreted in the field.

103. Magnetic tape (analog) data recording has been used since

the early 1950's and digital tape data recording since the early 1960's

in seismic exploration for the oil industry. Associated with the digital

seismic recording capability has been a rapid growth in digital data

* .processing technology. This new technology makes possible the expedi-

tious handling of enormous amounts of seismic data and reduces complex •

*- mathematical filtering operations to simple multiplications and addi-

tions of the digital data. Although many of the digital techniques

*which have been developed are applicable to any set of time series

I •~96-
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data, the primary application has been to seismic reflection survey

data. Also, equipment cost, physical size, and complexity of operation

have prevented application of digital recording and processing technology

to seismic refraction surveys for geotechnical applications. However,

since the mid-1970's, small, relatively inexpensive digital seismic

recording systems and powerful micro/minicomputers have been developed

which can be utilized by groups involved in geotechnical applications of

seismic methods.

104. This Part documents techniques developed to expedite seis-

mic refraction data processing and to aid interpretation of seismic

* refraction results using minicomputers and time-sharing computer systems.

*While the data processing techniques which are described here must be

considered an intermediate step in that analog field records are still

utilized, the procedure has considerably reduced the manual effort

involved in processing refraction survey data and helps prevent the

data processing "bottleneck" which generally follows large field seismic

investigations.

Crosshole seismic method

105. The crosshole seismic method utilizes seismic wave propaga-

tion between two or more boreholes to determine the seismic stratigraphy,

i.e., the seismic velocities of subsurface materials and the locations

of interfaces between materials with different velocities in site

investigation programs. This method is used extensively in foundation

investigations where both compression (P) and shear (S) wave velocities

are required as input to dynamic analyses. Field procedures, equipment,

and interpretation procedures for crosshole seismic testing are described

in Department of the Army (1979), Butler and Curro (1981), and Butler,

Skoglund, and Landers (1978).

106. Figure 52 (Butler and Curro, 1981) illustrates the geometry

and concept of a crosshole seismic test. A seismic source and receiver

are shown at the same depth in a pair of boreholes. The seismic source

can be selected to preferentially generate vertically (horizontally)

polarized S-wave energy if desired, and vertical-axis (horizontal-axis)

receivers (perhaps in a triaxial geophone array) may be used to enhance
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* Figure 52. Crosshole seismic test geometry and possible
propagation paths

, S-wave detection. Explosive sources are rich in P-wave energy, and

triaxial geophone arrays or even hydrophones (in fluid-filled boreholes)

,. can be used as receivers for P-wave detection. Figure 52 indicates -

*' several layers with different seismic velocities (Vi) and thicknesses;

,, the problem in crosshole seismic interpretation is to deduce this

I seismic stratigraphy from a data set which includes source/receiver

depths and arrival times of events. Generally only the first-arrival

times of P- or S-events are considered. The first P- or S-arrival at a

given depth Z may be due to any one of the possible paths shown in

Figure 52. The first-arrival event will be determined by the borehole

separation D , and the magnitudes of the velocities. Dividing D by
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K the first-arrival time gives an apparent velocity which may not be

equal to any of the layer velocities.

107. Butler and Cutto (1981) discuss some of the procedures and

pitfalls involved in crosshole seismic interpretation, and Butler, Skog- 
0

lund, and Landers (1978) present an algorithm and document a computer

program (CROSSHOLE) for interpretation of crosshole seismic data. The

program CROSSHOLE has been used extensively for the interpretation of

crosshole seismic surveys. The program in its original form was somewhat

cumbersome to use. Since it was written to be executed in a batch mode

on a large computer, a data card deck had to be prepared and submitted

for each set of crosshole data. This Part documents the conversion of

CROSSHOLE to a time-sharing mode, making the program much more con-

venient to use and greatly decreasing the turnaround time.

Minicomputer Processing of Seismic
Refraction Data 0

108. In this section, a processing procedure is described in

which seismic refraction analog field records are processed by mini-

computer. The procedure can be summarized as follows: S

a. The analog records are examined in order to "pick"
first-arrival events.

b. The analog records are placed on a large graphics
tablet and the arrival times are digitized using a
four-button graphics cursor. 0

c. The arrival time-distance data are listed in tabular
form and are automatically stored in data files.

d. Arrival time-distance plots are automatically plotted
if desired. S

e. Straightline segments are manually fit to the data on
the arrival time-distance plots.

f. Key points determined by intersections of the straight-
line segments are digitized using the graphics cursor.

a. Velocities (the inverse slopes of the line segments)
and depths to interfaces are automatically calculated.

h. The procedure in steps a-d can be applied to any
events which can be identified on the analog records.
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BASIC-language programs for accomplishing the above processing steps

have been written and are operational on a Tektronix Model 4051 mini-

computer and associated digital plotter and graphics tablet; the proce-

*dure could easily by adapted for use with other minicomputers with

BASIC-language capability. Input instructions for the processing pro-

grams follow and listings are given in Appendix H. It is important to

note that the key steps in the operation (selecting of first arrivals

(step a) and fitting line segments to the data (step e )) are still

performed manually. Algorithms have not been developed to replace the

judgment involved in these steps.

SEISDIG

109. SEISDIG is a general purpose seismic record digitization

program. The program is well documented and prompting messages are

printed before each input. The following items summarize the input/

output sequence:

a. The first input request is for data identification, up
to 72 characters in length.

b. The next four input requests are for (1) "shothole"
coordinate, (2) distance from "shothole" to nearest
geophone, (3) "shothole" depth (zero if source applied
at surface, such as hammer blow), and (4) spacing
between geophones along survey line.

c. Three input requests define the time scale: (1) digi-
tize timing line just before time break, (2) digitize
timing line 200 msec later (can be changed), and
(3) digitize time break (times (1) and (3) can be the
same).

d. Now the first arrivals are digitized using the four-
button cursor as follows:

(1) Press button "z" to digitize point.

(2) Press button "" to skip a trace.

(3) Press button "2" to redigitize last point.

(4) Press button "3" to digitize the last point of a
record.

(5) A tabular listing of arrival time-distance is 0

produced.

(6) An opportunity is now given to redigitize any of
the points.
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(7) The data are now stored in a data file on tape.

SEISPLOT

110. SEISPLOT reads the SEISDIG data files and produces time-

distance plots. The program is well documented and prompting messages

appear before each input. The following items describe the input/output

sequence:

a. For each operation in the program, the following "menu"
is printed, and selection of an item number executes the S
indicated operation:

(1) Enter data.

(2) Change or add data.

(3) Plot data and label axes.

(4) Choose between paper or CRT plot.

(5) Display data.

(6) Select symbol.

(7) Store data on tape.

(8) Read data from tape.

(9) Stop program.

b. If menu item (8) is selected, the number of the input
data file is requested.

C. When menu item (3) is selected, x and y scale
factors and axis labels are requested, and a plot is
produced with x and y axes of 7 in. and 5 in.
length, respectively.

REFINT

111. REFINT computes apparent velocities of line segments on the

arrival time-distance plot from graphics cursor input of the intersec-

tion points of the line segments. Also, assuming the apparent velocities

are true layer velocities, interface depths are calculated. If both

forward and reverse time-distance plots are analyzed, true layer velo-

cities are calculated using the harmonic mean formula.* The following

items summarize the input/output sequence:

i.e., 1 1 flL\ ; where VT refers to true velocity, and

V T2 kV) V

V and V are the forward and reverse velocities, respectively;
F R

V V = V if the refractor is horizontal.
T F R
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a. The first two input requests establish whether or not
both forward and reverse data are to be processed, and,
if so, which is to be input first.

b. The next three inputs are with the graphics cursor and
establish the scale factors: origin, rightmost point
on horizontal axis, uppermost point on vertical axis.

c. Next, the number of velocity layers associated with the
forward and reverse data is input.

d. The crossover (critical) distances or line intersection 0
points plus an additional point on the highest velocity
line are now input with the cursor.

e. Next, a series of inputs establishes the geometry of
the line, including source locations relative to the
origin and source depths. -

f. The tabulated output includes the critical distances,
apparent velocities, and calculated depths (assuming
horizontal refractors) for forward and reverse survey
lines and finally the true velocities.

Example 1

112. Figure 53 is an example of the plotted output of SEISPLOT.

The data are from a single-ended seismic refraction line. Triangles in

Figure 53 represent first-arrival events at the 24 geophones of the line,

and the source* point is at the origin. The survey consisted of a

series of these single-ended refraction lines along a survey line paral-

lel to a critical structure, with the source point advanced 50 ft each

time. The hexagons in Figure 53 are the critical distances or inter-

section points at A and B and the additional point C on the highest

velocity segment which are digitized as input to REFINT. Figure 54 is -

the tabular output from REFINT.

Example 2

113. Figures 55 and 56 illustrate an example similar to the one

above. The objective of this survey was to evaluate a borehole air-gun

as a source for seismic refraction surveys. The refracting interface

in this case is the water table, and the depth to the interface of 11 ft 'I

calculated by REFINT (Figure 56) agrees with the known depth to the water OP

table at the site.

* The source for this survey was a vertically mounted "shotgun" which

fires a slug into the ground.
1•
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Example 3

114. SEISDIG and SEISPLOT can be used to process any event which

can be "picked" on the analog seismic records. Figure 57 illustrates the
0use of these two programs to process several events which can be identi-

fied on the analog records. Although a discussion of the events and

their analysis is beyond the scope of this report, the events include

direct waves (one of which is the air wave), fir t-arrival refracted

compression wave, secondary refracted wave, the dispersed Rayleigh wave

train, etc.

DOMER

115. A fourth BASIC-language program, DOMER, has been developed

for processing events identifiable in the Rayleigh wave train on seismic

refraction records. The processing sequence described here is not a

rigorous Rayleigh wave dispersion analysis. In a rigorous analysis, the

phase velocities (Vp) are determined as VP (T) = Ax/At , where Ax is

the separation of two geophones and At is the phase shift between the

Fourier component with period T at the two geophones (determined by a

Fourier analysis of the records from the two geophones). Group veloci-

ties (VG) can then be calculated from the phase velocities using the

dispersion relation: VG(T) = Vp(T) + T[dVp(T)/dT] . Plotting group 0

and/or phase velocities as a function of period T or frequency
1f(f =) yields the Rayleigh wave dispersion curves. Interpretation of a
T

disp.:.ion curve involves deducing a layered earth model with a theoret-

ical dispersion curve that best matches the measured curve either with

an iterative computer program or a set of standard dispersion curves

(Grant and West, 1965); Dobrin, Simon, and Lawrence, 1951; and Ewing,

Jardetzky, and Press, 1957).

116. The technique used here is to characterize an identifiable

peak or trough in the Rayleigh wave train by its mean period, T , which

is determined simply as the time difference between the two neighboring

troughs or peaks, respectively. If the distance x from the source to

a given geophone is greater than the longest wavelength recorded by

that geophone, then the group velocity for a period T = T is given by

C(T) = x/t , with sufficient accuracy for most purposes, where t is
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the arrival time for the peak or trough with mean period T at the

geophone at distance x . For an event, peak or trough, in the Rayleigh

wave train that can be followed or identified on two or more geophone

traces, the phase velocity can be identified as the inverse slope of a

line through the events in a time-distance plot (see Figure 57) if the

mean period of the event does not change significantly from one trace

to the next (Grant and West, 1965). This technique, particularly the

phase velocity determination, is seldom accurate enough for quantitative 0

Rayleigh wave dispersion analysis. Also, it is often not possible to

identify enough "events" to define the dispersion curves very well.

However, the technique is useful for site characterization, such as

location of areas with anomalously low Rayleigh wave velocity (hence, low S

shear wave velocity). The Rayleigh wave phase velocity versus mean

period data can be converted to velocity versus depth data by computing

wavelengths A (=VpT) and using a "rule-of-thumb," such as the half-

wavelength rule, to assign the velocity Vp(X) to a depth X/2 (Chang

and Ballard, 1973).*

117. A listing of DOMER is in Appendix H, and the input/output

sequence is described below:

a. Input the desired title.

b. Input the geophone spacing.

c. Input the time interval to be digitized, e.g., 300 msec.

d. Digitize, using the cursor, the time interval, e.g., the
0- and 300-msec timing lines.

e. Digitize zero time, i.e., either the 0-msec timing
line or a time-break.

f. Input the number of events (maximum of five) to be
digitized. S

g. For each event:

(1) Input starting trace number.

(2) Digitize the arrival time of the event, peak, or
trough on the starting trace.

• This is only an empirical procedure which should work best for sites

where property variations are transitional in nature over the depth
*of investigation, i.e., not distinctly layered.
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(3) Digitize peak or trough to left of event.

(4) Digitize peak or trough to right of event.

(5) Move to next trace and repeat steps.

(6) One button on the cursor is used for each of the
following functions: (a) digitize point, (b) skip
a trace, (c) redigitize preceding point, and
(d) digitize the last point in an event.

(7) Repeat steps (l)-(6) for next event.

h. For each event a table is printed listing distance
(X), arrival time (T), mean frequency (F), and group
velocity (Vg = X/T) for each peak or trough in that
event.

i. A time-distance plot for all the events is produced;
the input is the same as for SEISPLOT, menu item (3).

Example 4

118. Figure 58 is a plot produced by DOMER of three events

identified on a seismic refraction record from the same site as for the
examples in Figures 53 and 57. Phase velocities for the events are

indicated in Figure 58. Tabular output for event I is given in

Figure 59.

Computer Modeling and Interpretation of
Seismic Refraction Data

119. Two problems can be identified related to the seismic

refraction method: (a) the direct problem, and (b) the inverse problem. S

The direct problem involves the determination of arrival times as a

function of distance from a hypothetical source for various seismic

events and a specified model; the model consists of layer velocities,

layer thicknesses, and interface dips. For a given set of arrival S

time versus distance data from a refraction survey, the inverse problem

involves the determination of the parameters of a subsurface model

from the data itself. Two FORTRAN computer programs have been developed

which solve the direct and inverse problems of the seismic refraction S

method, REFRDIR and REFRINV, respectively. REFRDIR is useful as a

modeling tool for planning field surveys, e.g., geophone spacing and
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Figure 58. Plotted output from DOMER for three events identified in

the Rayleigh wave train on a seismic refraction record

EUENT HUMBER I

X, ft Timsec Fphz Us, ft/s

is
2e
3e
40 124.3 48.1 321.8
5e 132.7 49.9 376.7
60 148.5 57.7 404
78 15?.2 56.9 445.2
Be 165.6 48.7 483

S90 174 48.? 517.2
too 161.2 49.8 551.8
lie 187.6 39.6 586.3
120 195.3 38.8 614.4
130 201.4 38.5 645.4
140 211.6 49 661.6
150 220.2 49.8 681.1
160 229.4 47.5 697.4
1ye 242.5 44.9 761
too 249.4 43 721.7
19e 256.3 39.2 741.3
299 265 38.5 754.?
219 273.1 37.1 768.9
229
230249

Figure 59. Tabular output from DOMER for Event I in Figure 58
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survey line length required to investigate a possible subsurface model.

REFRINV is very useful for refraction interpretation, where the data

indicate the possibility of multiple, dipping layers. 0

120. The theoretical basis for the two programs (REFRDIR and

REFRINV) is a set of equations relating to refracted waves (see, for

example, Officer, 1957). These equations are given in the following

sections describing the programs. They consist of: an equation for

the horizontal phase velocity at the surface, equations corresponding

to Snell's law at each interface, and an equation to compute the

intercept times for the refracted waves.

121. Because the layer interfaces are assumed to be planar,
th

the travel time for the wave refracted along the n interface (or
th

top of the n layer) is given by

t (x) = T + x/v (14) 0n o,n n (4

Thus, given the horizontal phase velocity, vn , and the intercept time,
th

T for the n refraction, the travel time can be computed at allo ,n

source-to-receiver distances, x

REFRDIR

122. The horizontal phase velocity and the intercept time are

computed for each refraction event using the program REFRDIR. In this

case, the P-wave velocities, the interface dips, and the layer "thick-

nesses" must be given. This program gives the intercept times and the

horizontal phase velocities for both the direct and the reverse profile.

The reverse profile is that array layout in which the shot is on the

opposite end of the array relative to the direct profile.

123. In computing the intercept times and the horizontal phase

velocities, program REFRDIR uses the angles, 6f that the rays make
in

with the normals to the interface. These angles, as well as other

important parameters (for example, the layer "thicknesses"), are

illustrated in Figure 60.

124. REFRDIR is a modeling program. It assumes: (a) that

the velocity variation in the earth increases monotonically with depth,

ii0
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SOURCE RECEIVER1"
*3 *2
flulZ

Figure 60. Assumed geometry for seismic refraction paths in
common-strike, multiple dipping layers

(b) that it can be approximated by layers of constant velocity but with

varying thicknesses, (c) that the interfaces between the layers are

* planar, and (d) that the interfaces have the same strike (see Figure 60).

* If REFRDIR is given an input model containing a velocity inversion

(i.e., a decrease in velocity with depth), it will print an error message

* to that effect and stop.

125. The input data for the program are: (a) the number of

layers in the model, (b) the layer thicknesses relative to the direct-

and reverse-profile shotpoints (HPLUS and HMIlNUS; see Figure 1), and

(c) the dip angles of the interfaces. The air/ground interface is the

*first one and it is assumed to be horizontal. Any velocity and distance

8i4

* S3

n=44
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units may be used, as long as they are consistent, but the (dip) angles

must always be given in degrees. REFRDIR computes and prints out:

(a) the intercept times, and (b) the horizontal phase velocities of

the refractions from each interface for the direct and reversed profiles.

The following equations are used by REFRDIR:

sin 6nl,n =a In-/a (15)

0 n E8 (16)
n-l,n n-l,n n-l,n

sin 0 = (a /a) sin (6i- + i) (17)
11n i-l i i,n -i

a l/sin(- +1,n ) (18)
n 1 ,n 1

+ n-2 +"

TMn = (2 1 /an 1 )cos 0 n-l,n + i (-/a i ) (cos 0
n-l -l l i= I  i,n

+ cos 0in) (19)

The a's are the layer velocities, the H's are the layer thicknesses, '

the v's are the horizontal phase velocities, and the T's are the

intercept times. The superscripts + or - refer to the direct and

reversed profiles, respectively. See Figure 60 for the indexing and

angle definitions.

126. For a given layer, computation is started by using Equa-

tion 15 to solve for sin 6 . This, in turn, is used in Equation
n-l,n +

17 to generate sin 8- through sin 0- The phase velocities
n-2,n l,n

and intercept times are then computed using Equations 18 and 19. To S

clarify the use of these equations, the calculations for the general

case of three interfaces have been carried out in Appendix I. A listing

of REFRDIR is also given in Appendix I.

127. Input. REFRDIR is extensively documented and prompting

messages appear before each input. All input is in free-field format.

The input sequence is given below:
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Input No. 1: NLAYRS

NLAYRS--numbers of layers in the model

Input No. 2: SPRDLN

SPRDLN--the spread length, i.e., the length of the e
refraction survey line

Input No. 3: (ALPHA(N), DELTA(N), HPLUS(N), N=l, NLAYRS)

ALPHA(N)--velocity in layer N

DELTA(N)--dip angle (in degrees) of the N th  inter- S
face, which is the top surface of layer N

DELTA (1) = dip of ground surface of model

0

HPLUS(N)--thickness of Nt h  layer for the direct
profile (see Figure 60)

Input No. 3 is repeated for each layer.

Input No. 4:

Input "1" if only forward profile to be plotted, and
input "2" to plot both forward and reverse profiles.

128. Output. REFRDIR output consists of tabulated and plotted

versions of the results of the computation. The tabulated output gives

the horizontal phase velocities (apparent velocities) and intercept

times for the forward and reverse profiles. For the plotted output,

the apparent velocities and intercept times are used to define line

segments, and forward and reverse time-distance plots are produced.

PLOT2 (Appendix B) is used to produce the plots.

129. Example. Figures 61 and 62 illustrate the use of REFRDIR

to solve a direct seismic refraction problem. The hypothetical model is

*. shown in Figure 61, and the spread length was selected as 150 m. Com-

*' puted time intercepts, see Figure 62, are indicated on the plot in

Figure 61. This example is important because it illustrates that

intuitive predictions of interface dip from apparent velocities or of

apparent velocities from dip may be incorrect. For the example in

Figures 61 and 62, intuition and experience might lead one to expect that

the apparent velocity in the forward direction for interface 3 would be

greater than V3 ; however, the results from REFRDIR (see Figure 62) show

that this is not the case.
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Figure 62. Tabular output from REFRDIR for case shown in Figure 61
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REFRINV

130. REFRINV uses the measured horizontal phase velocities

(apparent velocities) and intercept times obtained from the direct and

reversed profiles from refraction surveys to determine the velocities

in, the layers, the dip angles of the layer interfaces, and the layer

1"thicknesses." It is an inverse program, i.e., it gives, for its

*computed output, the parameters used as the input for the direct

program, REFRDIR. On the other hand, the input of REFRINV corresponds

to the output of REFRDIR.

131. This program uses the same equations that are used by

REFRDIR. However, it uses them in opposite order to compute the physical

*properties of the medium by means of a "layer stripping" technique. That

is, the program uses the measured data to find the properties of the

first layer and then uses the measured data and the properties of the

first layer to find the properties of the second layer and so on.

REFRINV also uses the notation and the geometric parameters illustrated

in Figure 60.

132. REFRINV has for its input: (a) the number of layers,

(b) the velocity in the first layer, (c) the horizontal phase velocities

and (d) the intercept times for the refracted waves from both the direct

and reversed profiles. The program computes and prints out: (a) the

velocity in each layer, (b) the layer "thicknesses," and (c) the dip

of each interface (the first interface is the air/ground boundary and it

is assumed to be horizontal). The phase velocities and layer velocities

are given in metres/msec (ft/msec), the layer "thicknesses" are computed

in metres (ft), and the dips in degrees. Like program REFRDIR, REFRINV

assumes: (a) layer velocities increase monotonically with depth, (b) the

velocity is constant in any given layer, and (c) interfaces are planar

and have a common strike.

133. REFRINV makes use of the following equations (see Figure 60):

++± + = arcsin (a /V ) (20)
in -1-

m,n + =arcsin (a m/anl) sin (21)
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4 0

= 6+
Mn-i/an  sin n-ln; 6n-l,n = 0n-l,n = n-l,n (22)

0.5an +,- n-2 + +
I n~ co en..l 1 (Cos emI~+- =co n-l,n  i=l ai

+ cos .i,n )  (23)

cos 0n-l,n = - l//a)2 (24)

where the a's are the layer velocities, V's are the phase velocities,

the T's are the intercept times, H's are the layer "thicknesses,"

and the *'s are angles between interfaces.

134. Equations 20 through 24 are used iteratively: the input

data for the second layer and the results from the first layer are used

to find the results for the second layer; the input data for the third 0

layer and results from the first and second layers are used to find the

results for the third layer, and so on. This routine will become clearer

after examination of Appendix J, where these equations are used in the

general case of finding the velocities for four layers.

135. Input. The input to REFRINV is in free-field format and is

summarized below:

Input No. 1: NLAYRS, Vl

NLAYRS--number of layers (obtained as the number of 0
straightline segments in the time-distance
plot)

Vl--true velocity of layer 1 (inverse slope of line
segment passing through the origin of time-distance
plot) •

Input No. 2: (VPLUS(N), VMINUS(N), TPLUS(N), TMINUS(N),
N=2, NLAYRS)

VPLUS(N), VMINUS(N)--forward and reverse apparent
velocities respectively for the

N th interface

136. Output. The output of RESINV consists of two lists. The

first list just summarizes the input data, while the second list presents
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the calculated results: true layer velocities, interface dips, and

layer thicknesses.

137. Example. Figure 63 is an example of the output of REFRINV.

The input for this example is just the output from the REFRDIR example

presented earlier in Figure 62. Note that the calculated results in

Figure 63 agree with input model in Figure 62.

0

=2.i 00'-3 1 , 1. :?I'nT 4I, =...6, 7. *

.=.. 44 ?..-. 7 ,. 4955. 4 1
V.h.-ITIES. .PE IN METEP:/MILLISEC., TIMES -;E IN rdlLLI:.FC
;r4D LAY'FP THI-.K NF.C:'S.: IN r1ETEP'

r",. FIF R'FFP'ACTIP. = FIP",T-LR'YEF VELOiITY TE:

T ':FIUT DATA: PHATF '.EIXn ITIE:S. ,4.D IrTPF EF'TT. GF RF.FR' CT ION3-
OFAWtIPErU PIP4 TI.ECT'+, .."itl P.EVEF-SED ,-* PP'7FILE.'

ATE'-PFF-F Nn. PHI.E VEL+ 'Hm z. VEL- T+ T-

•,.-, I'l'- ...- 1.=,,75 C7.

.-- ;3. 997 :=. 491;6. 55.

.*A* / ULMTEI E' E:,LT. ****6
THi' ,,INVE ',iLC'ITIE7., INTEPFAC(E T1IP: . R o, _'yEp THIJCkN.F:E7'.

,_in. 0EL ,: ITY DIP "PEG) W+
A . 0. 15.0 P. 0?1.5 0) 5 .0 1 4. ': 4 it.

3. 0 hl 0 -

Figure 63. Output from REFRINV using the calculated results in •
Figure 62 from REFRDIR as the input data

CROSSHOLE: Time-Sharing Version

138. The basic algorithms used by CROSSHOLE are documented in

Butler, Skoglund, and Landers (1978); this basic documentation will not
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be repeated here. Rather, the changes necessary to convert to remote-

user or time-sharing operations are discussed and examples of the new

input/output format are presented. The following four changes were

made:

a. Formatted input changed to allow free-field input.

b. Input is from data files to avoid on-line input during
program execution.

c. Input sequence changed to eliminate redundant or dupli-
cate input data.

d. Considerable reformatting of program output to allow

printing on 8.5-in.- (21.6-cm-) wide terminal paper.

CROSSHOLE is listed in Appendix K.

Input

139. All input is in free-field format and is from a data file

(except Input No. 1 below). The input sequence and parameter descrip-

tions are given below:

Input No. 1: DIN (1)

DIN (l)--name of input data file

Input No. 2: TITLE

TITLE--identification label for the crosshole data set

Input No. 3*: LIN, IOPl, N, IOP2, ISUM, M, DIST, ,
VFIRST, VLAST, DLLAST, IMAX, DELGS, 7PUN

LIN--line number followed by blank

IOPl--input option code

1 for arrival times 0

2 for apparent velocities

3 for true velocity profile and arrival times

4 for true velocity profile and apparent

5 for true velocity profile 0

N--storage key for output options, dimensions profiles
for summary tables

* The data file consists of line numbers followed by blanks, with data

entries which follow on each line separated by blanks or conmmas as
delimiters.
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-°0

1OP2*output option code

0 Standard output, primarily for IOPI = 1 or 2

1 For TABDUM, apparent velocity as a function of

Ihole spacing

2 For SUMMARY table of three-hole set, P- and S-

wave data

3 For SUMTWO comparison of computed apparent velo-

cities with measured apparent velocities for
known velocity profile

7 For carrying over the previous true velocity

profile

ISUM--type of summary table. One for partial and two

for full summary table

M--number of records per hold set

DIST--horizontal surface distance between boreholes

AZIM--hole pair aximuth, clockwise from north (in

degrees)

VFIRST--first layer true velocity (if not defined by
the data)

VLAST--deepest layer true velocity (if not defined by

the data)

DLLAST--depth to deepest layer (if known)

IMAX--number of true velocity layers (for input op-

tions 3, 4, and 5)

DELGS--vertical geophone spacing (for input option 5

only)

IPUN--output punch option (for use with option 5) 0

Input No. 4: (LIN, SZ(J), SX(J), SY(J), GZ(J), GX(J), GY(J),
J = 1, M)

LIN--line number followed by blank

SZ(J)--source depth of Jth record

SX(J)--source local x-derivation, from borehole survey

(north direction positive)

SY(J)--source local y-deviation, from borehole survey
(east direction positive)

Currently, only the lOP2 = 0 option has been formatted for output on

8.5-in.-wide terminal paper. For all other output options, the output

should be directed to a batch printer or wide-paper terminal.
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GZ(J),GX(J),GY(J)--geophone/receiver depth., x , and

th
y for J record

For IOPI = 1 or 3

Input No. 5: (LIN, TR(J,N), J = 1,M)

LIN--line number followed by space

TR(J,N)--arrival time for Jth record

For IOPI = 2 or 4

Input No. 5: (LIN, VA(J,N),J = 1,M)

LIN--line number

VA(J,N)--apparent velocity for Jth record

For IOPI = 3, 4, or 5

Input No. 6: LIN, (DL(I,N) I = 1, IMAX-l)

LIN--line number

DL(IN)--thicknesses of specified true velocity layers

Input No. 7: LIN(VL(I,N), I = 1, IMAX-l)

LIN--line number

VL(I,N)--true velocities

Output

140. Three types of printed output are generated by CROSSHOLE:

(a) a summary tabulation of the input data; (b) a list of caution and

alternative interpretation messages; (c) a tabulation of the CROSSHOLE

interpretation or calculation results.

Examples

141. Figure 64 is an example of input data file for a case where

arrival times are input. Figure 65 is the output from CROSSHOLE for the

input data file in Figure 64. The caution messages in Figure 65 call

attention to the fact that many of the interface locations are poorly

defined due to an insufficient number of apparent velocity values in

each of the velocity zones or layers.

142. Typically all available information is utilized in develop-

ing representative velocity profiles for a site. Seismic refraction and

uphole/downhole seismic results, if available, are examined. Also, any

borehole log data are examined. Representative velocities which are
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Figure 64. Example of the format of an input data file for CROSSHOLE 0

finally accepted are "averaged" values of all values available. Inter-

face depths are guided by borehole data if available.
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Figure 65. Output from CROSSROLE for the input data file shown
in Figure 64
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PART V: SUMMARY AND FUTURE PLANS

Summary

143. This report presents the results of an effort directed to

the improvement of geophysical data acquisition, processing, and inter-

pretation. The major part of the work involves the adaptation of 0

existing or development of new computer programs for processing and inter-

preting geophysical data. Some of the work can be described as new and,

perhaps, innovative, while other parts of the work involve the implemen-

tation of existing or state-of-the-art techniques to Corps of Engineers

geotechnical applications. The result is the compilation of a rather

diverse group of computer programs and methodologies for the electrical

resistivity, microgravimetric, and seismic methods.

144. Three computer programs for processing and interpreting

electrical resistivity data are presented and documented. RESDIR and

RESINV are programs for use with vertical resistivity sounding surveys.

For a given model of subsurface resistivity variations, RESDIR computes

the apparent resistivity as a function of electrode spacing for an

expanding electrode array; this capability is useful for predicting the

response or applicability of resistivity soundings to a suspected or

postulated resistivity variation. RESINV attempts to determine a "best-

fit" subsurface resistivity model directly from the field data; some

expertise is required on the part of the interpreter in specifying an

initial or "best-guess" model for input to the program. RESDAT is a

general purpose resistivity data processing program. Both vertical

sounding and horizontal profiling survey data can be handled by RESDAT;

and for the case of vertical sounding data, an option is available for

interpreting the processed data using a subroutine version of RESINV.

145. Three computer programs are documented for use in connection

with microgravity surveys (actually the programs and techniques can be

with gravity surveys on any scale). TIDES computes the theoretical

earth-tide variation at any location and is used in conjunction with

base station reoccupations to assure consistent gravimeter performance
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during field surveys. The program TALGRAD computes gravity and gravity-

gradient profiles across two-dimensional models. HILBERT computes the

Hilbert transform of a discrete profile data set; if the profile data

set is the horizontal gravity-gradient profile over a two-dimensional

structure, then the Hilbert transform profile will be the vertical

gravity gradient. In addition to the three computer programs, two

microgravity survey methodologies are presented: (a) a technique for

reduction of errors in microgravity surveying by the use of optimal

gravity station occupation schemes; and (b) the use of polynomial

surface fitting for determining the regional field component in a set

of data.

146. Several computer programs for processing and interpreting

seismic refraction and crosshole survey data are documented. Four pro-

grams are presented for digitizing, processing, and interpreting seismic

refraction analog field data; use of these programs considerably expe-

dites the processing of refraction data. Two programs are presented for

interpretation of seismic refraction data, REFRDIR and REFRINV. The

program REFRDIR computes first-arrival, time-distance data for a speci-

fied subsurface velocity model. REFRINV determines parameters of a

subsurface velocity model, consisting of layer thicknesses and velo-

cites, directly from processed field data. Finally, changes made to the

program CROSSHOLE are documented. Specifically, CROSSHOLE can now be

executed from time-sharing terminals.

147. Examples of the use of each of the computer programs are

presented. Some of the examples are quite brief. Also, some of the

examples appear in other reports in greater detail (see Preface and

Part I for discussion of companion research efforts).. However, some of

the examples are presented in a detailed fashion and appear here for

the first time.

Future Plans

148. Recommendations for future work to further automate geo-

physical data processing and interpretation in support of geotechnical
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investigations are listed below:

a. Obtain microcomputer for use in the field and convert
RESDIR, RESINV, and RESDAT to execute on it; this will -

make available in the field rigorous resistivity
sounding interpretations.

b. Pursue the development of automated pole-dipole
resistivity data processing and interpretation
techniques.

c. Acquire or develop a computer program for automatically
computing terrain corrections to microgravity survey
data.

d. Develop a general purpose microgravity data-processing
program for use with field microcomputers.

e. Initiate field digital recording of seismic data to
eliminate the necessity of "picking" field analog
records.

f. Initiate data-processing techniques on field micro-
computer systems.

j. Incorporate rigorous seismic interpretation proce-
dures in conjunction with data-processing techniques.

0
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APPENDIX A: RESDIR LISTING

RL5DIN 10:311ol 05Oblc2 FILE PAGL NO, I

10a0 NUN aNO3D14/PLTSL,'6OSD461 PLUTLLIE
120 INTt.GER L
30 COMMON/LIIE#MqN/Z2/DLLZSPAC

0COMMON/ZA31P99l'LA4/R(I64)
50 DIMENSION FLTN1C49)pFLYTR2(J3

bu DIMENSION 5NC3Q).01 (31 ,A8P(OUV)
70 DATA(FLTN1 (I),IS1,29)i,D000 62bb,.,O1UV07, .O017la22.pU020b87
80 6#0o03048,m,002123o.,01599bo, ,I70ooq,0dbu~. .21986, ,b72d,1, ioi't

Ito &0000124/
120 DATA (FLIN2C 1o1 ,30b'.0002389635. O00115b7,.ooo, OlO4,ouo20q45,

140 os005773#, 007893, ,0115a3,,01o698,,O2o9S~ho0b58, ,053507, .070121,

ISOC

180C INPUT NO, I ARRAY CHOICE# INPUle
190C le.FOR SCHLUMBENGERe
990c a-WF0R NLNNLRO
21OC 3w.FOR SIP0LE'6IPOLE,
zioc INPUT NO, 2 SAP*LEM PkiTI4i
23OC 3PAC a CI,.OLST A OR &S PALIN6 (RtAL)

a~oc 8 NUMBER Of MODEL LAYERS (INTEGLW)
250Ca NUMBER OF FILLD RLADINGS CINTEOER) ,b/DLCADL
2bQC INPUT tNO, RA ENTER ONLY FOR B!PULtabIPCLL ARRAY, INPUiTm
270c Iv-IF NeVALULS ARE VARIED#
280C 0.-IP AsSPACINGS ARE VAM1E.O,
290C INPUT hog 2L0 ENTER ONLY FUN BIPLL-hIPOLk. IP VALUL tNTtLD IN CA *Abe
300C 3..INPUT NeVALULS (TOTAL ") IN INNLAbINi C.RULK (PURMAl-FkLE)
310C 0-01NPUT ONE NwVALUL9 (NoNtl.)
320C INPUT NO, 5 ttN1~w LAYL4 PARAM11Etkb. CTLI7AL eL-1, fORMAT.FRLL)

3SUC REPEAT PON ADDITIONAL MODELS,
3aQC

*370 1 FuNMAATCv)
37b PplKpTIN.PUT NO, 1..-I1NDLX (AKWAY IYt'L)o
1 80 1000 REAC It INDLX
£600 lF(INDtLu.OJ 5TOP
4 610 PRINT, 'INPUT NO, a.."SPAC,L,P'
4i0 HLAD to 5PAC#Lom
030 IF(INDLX-2) 401j,£005
040 5 READ 1,IX
'iso ICXE.)GO TO 20

'670 GO 10 $5
460U au Jam

Soo 00 Nu2aLwl
s10 SPACE&LOG(SPAC)
520o PRINT# 'INPUT NO, So MUDEL PARAMETERS, TRICNESbLSCNJ AMU
530 SITVTS().MICJ ** M "1,() **
540 NLAO 1,(P(l)o 1210N)
550 PRINT '62
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RLSDIN CUNT 1413811U05126182 FILE PA6L NL.

58) 4,d FUNgvATC//* APPAHENI WESISTIVIlY VALULS")0

b80 43 PRINT Q4M
590 44 PI.)NtA7TC 5CNLUMBWE~ AHRAY"//)
800 60 TO 50
610 45 PRINT 46
620 468 F0MPAICI WNNNk AI~HAV"//)
630 60 70 50
640 47 PRNT 48
050 48 FURMPATC#" CIPOLLetIPULL AWWAY"//)
660 50 OELX a AL09C1Q.)/b,
670 IFC!NDEx-2) 70#13000
800 70 YxSPAC.19g*DLLXw.I3069
690 DO 75 111m*28
?d0 CALL TRANSFM(Y#I)
710 7S 'vUY+0LLX
720 CALL FILTtWCPLTRltd9)
730 GO TO lia0
740 80 SNALUG(ZS)
750 Ym4FACw10,879249S*DtLX
760 DO 110 £ultm+31
770 CALL TRANS~m(Ye1)
780 AVR(1)
790 yIaY*S
boo CALL TRANSFM(YIPI)
810 CIu.AR1
820 110 VBY*DLLX
830 GO TO 119
S40 300 M)81
650 IF(LX,NL.13 60 TU III

870 MCI
869 111 00 117 131,') 0
890 yvSPACv1O,679'495*Ot.LX
900 ASSN(I)
910 AIZAbSIA-I.)
9dtJ SIcALUG(AI)
930 JFtA,LT.1,) Y2YaALUG(A)
940 e 1.
9bo IF(A.LT.1.) tH:A*A+A.1,
960 SdCALCJGCA)
970 533AL06(A+1,)
980 0O1) 0~ J2100+33
990 V1UY*S1
1000 CALL TRANSFM(YI#J3
1010 AAZR(J)/Al
1020 Y1UY+Sd

1040CALL TkANSFP(Y1*j)
1040 AANAA.*,*(J)/A
1050 Ylcy+S3
1060 CALL TMANS~m(Y1,J)

1070 N(J)x(AAWUJ)/(A.1, ))AA*(A#.* AA1/Idg*5
1080 118 YUYlDLELX
1090 If (IX.NL,1) LUU TO 117
1100 CALL FILTENCFLTki#30)

A2



NL3DI1% C 0%T 1483611U o05U0682 PILL PA~pt NL 3

1i10 Rlt1)XkC1I
1120 117 CON I 1UL
1130 IFMNEl (C TU 11'9

l115 Go To 12n
1160 119 CALL FILTkRCFLTR2h'4)
1170 120 PRINT 1250L
1180 125 FORMATUIW3 LAYER MOOhL.")
1190 PRINT 130
1200 130 FUPMATt/SX#"LAY.N NUo",3X,"T7iICKNL5b",3X, HRLS1ST1VITYW/)
1210 D0 140 1a1,teu1
1220 Jul
1230 PRINT 135#JVPCI)#P(I+L-1)
1240 135 FOI4NAT(9XI2,5Xp~bsi,7x#Fb.;)
1250 iM0 CONTINUL
1200 PRINT I'.5,EpP(N)
1270 14S FURMAT(9XtI2p2QKF8,3)
1280 IF(INUEXvi) 205,p205,150
1290 150 IP(IX.Nt~.1) Go TU 190
1300 SPsEXPC5PAC)
1i10 PRINT 180vSP
1020 160 FURRATC/0 OIPULE AeSPACING 30*F692)
1330 PRINT 170
1140 170 F0)RMAT(//10XppN"p9X,*M0"/)
1.550 DO 185 I31,m
1300 PRINT 180vSN(IUR1(l)

01170 180 FORMATC7X#F7g2s3XF9s3)
1380 1OS CONTINUE
1390 GO TO 240
1400 190 PRINT 200#SN(1)
1410 200 FOpMATC/0 bIPULE N-SPACING *"v~os2)
111?0 205 PRINT 210
16130 210 PORMA1(//?XtbPALING".7X,"RPHU"/n

1450 DU 230 1210"
1'460 ASIP(I)8LXPC(X)
1470 PRINT ii0. ASP(I)#H(1)
1d460 220 V0RI'ATcbXpF7,2,3,pF9@3)
1490 23U XXX+DtLX
1500 PRINT# t00 YOU mANT DATA PLUIS YLSC1J, No(?),
1510 HLAD It 11
1520 IFCIIsEU.2) UU TU 240
1530 PRINT, 'LINEARCI) UK LOGPvLUW)

1MG READ It JJ
1550 IPC JJ.tiJ,?) GU TO 23b
1500 CALL PLUTi!CA5PpR,"i
1570 GJ 7O idlo
IbOc 2S5 CALL PLUTLLCASP,WOM)
1590 240 60 TU 1000
1600 Lr

01010 SUBROUTINE TRANSFM(YpI)
160!0 INTE~i.R E

10MG CUMMUN1LA31PC99)/LA4/RCI3Q)
1ob0 DOL'NbION T00O)
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R&5OZM CO'N7 14a38sl0 olllab/ba FILL PAbL %U. 4

1670 T(03)P(N3
160 00 30 Jx2,&

1700 bu(1.uA)/(1..AJ

1720 TPIUSSb
1730 TCJ)SCTPI4+1(J.1)/.C14TPM*T CJul)/CWb*05S)2
1760 30 CON4TINUE
1750 R(I)ST(L)
1700 RETUN
1770 END
17S0 SUuROU7INE FILN(N.LTNtg)
1790 pINLGLR k
1800 COPNZL14,mrN
1810 CONMUNIZA4R(1dd)
1620 DIPLN510N RL3S1)#FLTw(K)
1830 00 50 Islm

1850o 00 10 JGI*K
1800 dmFLTHJ3ONI*A9J)
1670 10 RtwRE+8
1850 10 pto(Z)SR
1890 DO 30-181o"
1900 30 R(1)URES(I)
1910 RETURN
1920 END

lp v lp0



APPENDIX B: PLOT2 AND PLOTLL INPUT INSTRUCTIONS AND LISTINGS

Instructions for PLOT2

All input is in free-field format, and the program will call for

the variables by name. The plot specification input variables are indi-

cated in Figure Bl.

Input No. 1: XO, YO, SFX, SFY, IA, IDASH, THETA

XO,YO--X and Y coordinates of the origin on the
paper, in inches from the lower left of plotting
surface

SFX,SFY--scale factors in the X and Y directions, •

respectively, in user units per inch of plot

IA--axes specification;

O--X and Y axes drawn

1--no axes drawn l

2--X and Y axes drawn plus lines to form right
and top border

IDASH--=0, plots solid line connecting data points,

#0, plots dashed line

THETA--angle in degrees between X-axis and long axis •
of plotter, counterclockwise positive

Input No. 2: HTX, XL, XS, NDX, NX, SPX, ITX

HTX--height of characters in inches (0.1 is typical)
for X-axis

XL--length of X-axis in inches

XS--starting point of X-axis from origin (XO) in inches

NDX--number of digits to right of decimal in axes

labels

NPX--power of 10 by which the scale is to be multiplied S

SPX,ITX--input 0 for both

Input No. 3: HTY, YL, YS, NDY, NPY, SPY, ITY

Exactly analogous to Input No. 2 except for Y-axis.

Input No. 4: X-LABEL

Input title of X-axis

Input No. 5: Y-LABEL

Title for Y-axis

B1
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X 0

X E-

caI
H 0 c

4

w 41J
M Z (D

0 cn

00C
.1-I

4-a

0C:

0 w

lea C'

C/X .,4C/
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Input No. 6: SUi, SL2, BL

Input only if IDASH 0 0

SUi, SL2, BL--length of dashes and blank in inches

(two different dash lengths, if desired,

with constant blank length)

40

B3S
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PLO7505 10830014 05/27182 PILL I1A6k NO,

1000C .'. UbNOLTIht PR TEK~TRONIX mood DIf#I1AL PLOTTLK

1010 SUHWUUTlkt PLOISCIOT)
1029 CNARACYbN '10 FMT/1OPIC1Sh1.14Q)/vIASCb4
1010 DI,'LNUIO% KP(lb6),IbC0C1 ).ZASM(2).ZUUT C5~3, TAW(4, 1b)
1040 INiTEGER HIY ,MIVP~XL0YKL0YPM1EMZMI'
1050 LOGICAL LlLl
1060 DATA C1,C4,C3 0a6,g045S,,Ub5l
1070 DATA IC#I. C2@ICh,1C4tZC5 ,jl72.614~l1a4
1060 DATA IuSC, £LI( 13623678656#35326,)5923I112/
1090 DATA KPCI)pKPC3)pIRPN /35137671%6,J67910,b29564/
1100 CALL PPARAM(1#160)
1110 ID a lOT
1120 IF(ID.89) 2t2,1
1130 1 10 a ID/ICI
1140 2 KP1 0 IkSC#ID'ICZ+1L#29
1150 KI'j a KP1450444 1 AF3 a KP1.6&7b ; KP4I 8 KFI,1507
1160 PRINT 120*%PI.KPZKP4,150,gPhq1170 KP(2) a IDalCI I P(4) a ZE3C0
1160 KP(S) u XPUl) I KP(6) a 75*IC1
1190 ICI a 108410 1 K a 7 1Ic a ICI#109+1D
1100 KPI E KPI#483 I KP2 N KPI11096

1240 M a 961111111 1 HYF 446,7273
1150 HZYP a 0 1XLOYP a 0 H IXP a 0
1260 HIXP 8 0 8 L0XP 8 0 1 IPNP a 0
1270 HP 0 0, ANtip a 0

1,02 IX0 a 0

14180 RETURN

1390C .~eaaee,
* 1400 ENTRtY wt.NkN(XAV#YAVv *CT)
*1410 KP3 3 1k5C#10*1C2+70a1C3 KP1 u ILSC#IV'IC2+7baIC3

1420 KI'5 a Ik$C#ID*ZCi?,7!*IC3 KPO * ItbL.1I*I2#9eIC3
1430 PRINT 110,0AP3
1440 PRINTUNHaN PROMPT LIGH~T COMES UN POSITION PEN*"*
14b0 90 PRLSS CALL BUTTON AND RELEAILK
1#460 PRINT 120.I'PO
1470 PRINT 120,pIPb
1460 READ FMIIN1.1N2,IN3.1N4,INkS,1N5,1N7

*1490 PRINT IR0.NP4
1b0u INI aINI/ICle)2 S INa 8 jN1,ICUs32
lbl0 IN3 a 1N3/1Cle32e I IN4 a !NIIIL1.3Z
1520 INS a (I111.2/ IS aN * INlICI'32)/b
1510 XAV a INI*C14IN3*Ci!*INb'ClI YAW IlQN*ClIZ4OaCaINb'C3
IS40 RETUN
1550C *~*O**U PLOT

1570 ENTRY PLOI(XPYPZPN)
1580 1PNX a IPN
11590 Ix a Xaz73*IKO
1592 ly a Y*273#IYO
1500 I (1PNE) 10,4020
iftic 10 IPKX. a VIPNX
104d0 IXO UX*274
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PLOT5.5 COahT I0140114 @1117162 FLL4 P*Ite tic, 2

1022 IYC a V%273
182Mi Ix a 1X0
1626 ly a IvY
1.30 k0 IFZIPNA03) 40.30090
I bi 30 IPc'P(1"',I),t.1G5) GPO 71j 40
1ldia KP(IK) 8 163
Wobo IC a jC4j9 j IK a IK.1
1670 "0 WOI.IUCAX.I0U.x.T405u4,r23)u TU 95
1880 1 a IE/IC4
1690 IX a I~wIZ*ZCU
1700 mix a HIX#bIZ
170d LOX 8 1X/ICS
1710 IXLO 8 1X*LOX*ICS
1720 LOU 8 LOX$60
1750 IV omIC4

174Q LY a ITwDly'C
1750 XL* 9 Q*1YwiOY)lL0

1770 LU, 8 60Y#96
1790 LI 2 sPe L3 a q
1800 ZFIIPNP.MLOIPNd) L3 a T

laic 1F(IK01UT) S0,50e85
1430 50 zIcMY.IV~IP) s1.51,51

* 840 51 KP(ZK) 2 'MIY*ICI 0
1850 IC a IC.MI'v
1500 1k a 1401
187% MIVP a "IJV
18830 LJ a #I#
1690 52 1P(XLOYoXLOYP) b46,b854
1900 54 iiPIK) 8 XLO'V'1C1
1910 IC ICOXLDY
19Z0u l II'*1
1930 XLOYP 8 XLUY
19460 sK'c1K) 0 LUY*ICI
1950 IC a IC+Lo'r
1900 Ig' a i'ti
197u LOVP 2LOY
1980 LI a *T* ; LS 9 a
1990 5b 1PcL0YnL0YP) .o0812ec'
11000 00 KPcIKJ a LOY.1;1
010 IC a ICOLOV

,du~o L0,P 8 LUV
20460 LI 8 sle I L3 a *
205o 02 1FC14IE.MIXp) 8ip?0,bM
2000 04 IFcLI) GO *I0 00
2070 KPC1KI 8 LOY61C)
4to6o IC 2 IC#LQY

5 Zuyu IK 8 1#1
leloo L3 *Tt1
211 0 KP(1%) a '6ZK4lCI
21,20 ic 5 IC#MIE
2130 lot a IR#l

B5



PLUTSeS CU%.T 10 :30 11M OSit 7 162 PILE PA6pL sot

ill 4 IXP a MIX
?IS0 70 IF (I.) 4i0 10 71
aibo IF(LOE.LOXP) 71,72,71
2170 71 KPCIA) a LOX*ICl
2160 IC 8 ZC#LOX
oe190 1K 8 IK*1
ad0u LOxP a LOX
2d10 72 6U TU (99P210#160) ,L2
2210 as IC i muOctic."O95)
24eo Z(Ic$E0.O) Ic a ma95
2250 ICL a ALO0G10CIC)
2260 ICc a 0
2270 KX'(IK) a IESC
22e0 KP(IM*1) a KPC2)
2290 KP(IK#2) a IRPIH
2300 1K 2 IK~l
2310 tNcUDt CPMT#100) IKICL*1
2320 58 PRINT FMT#CKP(I),I31,pIK),IC
2330 READ F"T#ICK
2140 IF(ICK/IC.LUh.73) 6U 70 97
2350 IC a 1GI
2300 1K a a
2370 GO TO (50#93#72#220#27V#91) *15a1
2380 90 is a I
238S IF(IIFNXEU.4) GO TO 92
2390 IF(IKOI46) 91,91,850
2dao 91 KP(IK) 9 IGS
itti0 KPCIK01) a %3*1CI
1420 KP(IK#2) a 107*ICI
2430 KPCI'+3) a IV6*1CI
21440 KP(IK*U) 2 63*ICI
424,0 KP(IK*S) a 95*1C1
2'4o0 IK 9 llto ; IC CI+5
Z470 va is a 3

249U 93 PRINT 120PAP20KPI'
2500 HLYURN
251u 95 1P (KPCIA01),L6..ZL.) 6uL 10 72
2b2O KP(IK) a 1Gb
253o 0 a IA+1 ; LC c IL+29
2340 15 a a
Viso IF(IK-152) 72,72#85
idsou 97 ICc a ICL~1
2570 ZFCICC05) 8809019b
2V00 98 PRINT 120#$KP2,API
2590 P14!NT," PLOTTLH UK' PROUiNA tRIkUR"
9600 5TOP WRNUR,
2.10 99 RtTtjWN
2o2o 100 FOARMA7TUPI3,9#11)
i.30 120 FURmAT(2A4#AS.13,A3)
?650C *.baaaa YMBOL aa*S.

20*70 ENTRYV SYMdUL(X#,m, itCJAh1,.NL)
2bbo IPCNC) 120,200O)

2690 2u0 I*1XG9990) d05,2400,20
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PLO3suS CUNT 101sus1M 05/27/b62 FILL PAGL N.O,

2700 205 1 X a X*273.IXO
2710 IV a Y*275+1V0

2730 GO TU 30
27i40 210 Le2 1
2750 13 a
2760 1 (IK-193) ZJO,220,65
2770 2g0 IF N.*4P) 222.230,222
2760 224 CONTINUE
2790 mp a
ab00 KP(IK) a IECC

*2610 ,PCIK#1) 2 K9C2)
*26210 NIP(II(Q) 8 73'ICI

2630 IC a IC4ID+1MM
*2640 1K 8 IK#3
*2650 YVAL a NOMYF

autpo XYAL a YV&L*MXF
2870 tN~CU~t.IA5Ce130) IFIX(XVA4..5)
267S 130 FORMA7(14)
2680 111 a 61
2690 2211 L a 0
?900 DO 220 1 9 E

2910 14c a FLOCLt9vIAIC)
29i0 IFCIACLT.O6) GO TO 226

4 2930 KP(IK3 P IACaICI
aV410 1K a I%#1
29s0 IC *ICOIAC

*2900 226 L. 1.#9
2970 IFPI5T) 220#230,2"0
2960 226 IST 8 0
1990 KP(IX) a 40eIC1
3000 1K 5 IK*I
3010 kNCUDLCIASC,130) 1 IWCVAL,.5)
3020 GO TUe 22"
3030 230 IF(AN60ANOP) 13i#?40#232
3040 232 A'IGP £ Ahb
3050 1ST7
3060 KP(IK) aILaC
3070 KP(IK#1) 8 MP(2)
Sab0 KP(IKM*23 * a.C1
3090 1K P 1K#3
3100 IC a IC+IOOIol
1110 LNCUOLCIAbC, 130) IFIICANG,.S3
3120 G0 TO Z224
3130 2140 CQNTINJE
3140 iKPCIK) 8 41007495o6
3150 1K a IK#I
31b0 Ic a IC*31

43170 1p(NC) 9600250,26V
3160 itb0 CONT1NiL

*3162 CALL tsCOA3C(1INCOIA~b,0J
3190 IAC 8 FLO(9#9*1A3b(i))
3192 KP(IA) a IAC*ICI

*3200 IC *IC#ZAC
3210 iN aIROI

B7



PLOTIS C8JNT 10130114 05101i02 PILt PAlat Nof

liao GO TO 290
1430 260 CUNTINUt
slig N~T 8 NC/4

3200 N~L 8~ o NC NT a T
327 IFCNL*Lteg) NL U '
haoG JAC 8 FLOCO,9.ZHCOM13
3290 ZPCIAC86TOIZ7) GO 70 300
3300 Is 0
3310 DO 270 m u1,hT

3330 1P(MLTON7) JT a a6
11480 jP(M.61.NT) JI a NI.
1Sso 00 270 j a 1.jT
3360 JAC a F6DLOCL9#6CD(m))
3370 KP(IK) a ZACOICI

3390 ic a ICOZAC
34800 IFCIKO151j 270#2?0,05
34810 Z70 Ls L#9
34820 290 KP(1Kj m 163
3030 aKXI~
3440 ic a IC*29
3450 RETURN

434600 300 IP(NC.61.7) 60 TO 290
34870 CALL bCDASCCIdCD#IA5dfNC)
34880 Do 310 M 'l@*NT
34890 L a
)boo IPCM.LT.NT) JT a
3s10 JF(m*6LsNT) JT a NI.
3520 Do 310 i a 1,JT
3530 JAC f FLD(L#9plA$0M))
31.480 KPcI) X IAC*ILI
3550 *K a J,1
3%00 Ic a 1C.IAC
3S70 310 L. a L*9
3560 uUL TV 290
4000C *.O'OO PtCIAL SYPS0Lb

480d'8 320 CONTINtt
480.0 DATA 17AB

4060 LOY SYmHOLS0
BOSOC 0 1
4*000 a 32048008OQ0881I~0D04f01"O
4070C 23
48000 o o07.50,..6257.8212o0
18090C 44 5
48100 4 1o79570f48719072,o.0.592010104807480,0.

448120 b 310010,Uo7272ooeb.0.101970,lo48059',0p,
4130C 489

41410 G

48160 oobb1U,304890290001 ,1608913063577?482.48.70.19014871 .257A0,
48170C ji2 13

B8



PLOT305 CUNT 10130111 95/27.f0a FILt IPA(4 No, 6

46184 a 459g90bba59901605461000
416C l!) SIGMA

'1 BS92bbS0469890UG,143500/
46190 DATA MN~4 IeG56806b
4doo RAD *ANG*,01746532
44110 CTm COS(MAD)
4220( STgj4 SIN(NAD)
42130 LZ 3
4Z140 FM 68b,25Sm

4460 YI SY*273#IY0

46180 IFCNC9LT~ol) IF' 9 d
46182 IfcIP.Lw.3) IFNP * IPNP
46190 MC a ZBCOC1I4I
46300 ZFCMCoLTo1,0~oMG.6T.10) 60 O 3( 90
4630a IFeiCGT,1l) FM U39*m

*46306 IFCMC.G7.14) 13P U0

4310 Do 350 1A 81#4
'1320 IT 8 ITAOCIAMC)
46330 if aQ

*4J460 IPCIT) 330,3460#340
4350 330 IT a ITPINEG
4360 If a I
4370 3460 U0 350 its slob
46360 10 8 CIAvl)'8+18
46390 I007(I0) 2 IT.IT.V8aS
44600 IT a IT/$
46410 IF(Ib.tU,d,AhD.IfLUl~.) ICUTJI) a lQUjCIOj)*4
44210 350 CON4T1NUt
46430 9~ a 5
46432 370 CONTINUE
46440 IPCI0UTCK)el) 354,352,356
446b 352 IF m 3
464680 GO TO 380
464670 3S4 IF(LOUTCM)GO) 35b,3'10,356
44680 356 OX a (IUUT(K).ISe')
44690 OY a CIOUT(K,1).ISP2
46500 Ix a coxeCTHNYasy*Fq,~xz
4b10 IY x (OX*SIPIOYaLTHl)*Fm4yI
4520 &U TO (460,46030) ,3P

"530 3bO IF~ a 2
4b4lO 350 K K+

S465465 ItCKv31) 370&370,390
465b0 390 Le a I
'4500 60O 70 990
46570 LNC

* 46(0C

46I0C *.eeee.NUMUkP .. Sea

'1030 SUHHOUTINL NOPMEM CAP VMPNAhmho)
46460 CMARACTiR FOIPI *70IUCk *50

B9
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0

PLUYSwS CUNT 10110814 05/27ioe FILE PA6 NO, 7

46050 FPKX 0 PPN0
'6000 NO! 2

460b0 10 FPN~X u FPNX
46090 NO! 2
46700 to 1P(FPNX,L ,l0) GUo 70 $0
'4710 UO NOI + IF1X(AL06I0CPPNX))
'4720 30 1f(NU) SOM0*40
4730 440 NOT 5 NDI+NO*1
'47480 LNCODE (PFMTNe110) NDTvND
4750 ENCUL)E CZSCN#FMTN) FPN
'4700 NC 8 NOT
48770 GU TO S0
4760 b0 PPNX z FPN
4790 Not 2 NU*I
4800 1F(NUX) 60070,70
48810 00 FPN a FPNX*1O,*ONDX
48Od0 NO! a MAXCNOI+N[DXo12
48830 70 LNCO~k (FmTN#120) NO!
48640 kNCODL CIO0NpMYN) 17X (SIGN tAdS(FPN)+j!5,IPNX))
48850 NC a ND!
48800 80 CALL SYMBOL(WoYm.18CN.ANGONC)
'8870 RTR
4680 110 FURMAT(RH(PI ,i12PIM2110m)
4890 IZ0 FU4MAT(2HCI~ldv1m))
4900 N
5000C

5020 SUee4UUTINk F'LUTZIX,Y,N)
5030 DIMEN31UN XCIJYC1)
S0460 CHAb8ACTLR 070 LbxvLby##LBX*LbY*LAI'1C703,
S0so a FMTb/*HcT0A13/,. Ja/hmCv),
5000 LOGICAL LI/ell/
5070 OATA IN /51
5080 I (Ll) PPINltpkLAD X0,Y0,SFX,5Y,IAIUAbt~pTmE1A'
sovo 1LA0(lh#Flh) XoY0,t1 XrbFYpI1A ", I4p.TA
5100 IF(SFX) .99p
5105 SRXx , 1. 5py a 1,0
s110 IPILkI.1) GO TU 29
5120 01 8 at LY 8. 1 1 LXZ a 0 LY2 at
b130 XL2 a 0, YLi 2 , 1ITI 8 U IT a 1
51460 IFcL1) PNINTwNkAO MTXXL,X6#NOX*NPXPSPXPITXO
siso REAO( 1NIN) kTXPXL#XSNOE ,NPX#SPX, LYK
s100 ZFCLI) PRINTv"TRkAD MT*#YL#YS#NUY,NPY#SPYfITY"
5170 RLAD(INpFIN) #4TYYLtY3#NDVNPY#SPY, ITY
5100 ZP'CSpX'LL,0,) SPX a 1o $ ZF(5P,.LLg0,) SPY 1,
5190 IP(IXaEW*C) ITX a 1 I IF(UTY,E&0,03 ITY I
5d00o IU4TX.LE.0.) GO TO 7

5.920 IFCL1) PRINT,44k.AD X&LAOLL
*S230 I Pk.A(!N"TI LAbT

5240o DO a 181070
Soso K a 71.1
5200 Z7(LABT(K)qNE,1I. GO TO 3
5270 d CUNTINL
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PLOT50S CUNT 10130g1'4 05/0162 PILE bFA6 NG, 6

Seo 5 (Au 7U (o.U.tio,28) #I,%
5290 6 ENCOOL(LBXPMT) CLAUT(j)11#K)
53tu0 LX 3 O
si10 7 IFCmTY.L.Q, Ub TO 9
5320 II' 2 2
5330 IPULl) PRINTo"RLAU YeLAULL"
5340 GO TO 1
5350 8 ENCOOL(L@Y#FKT) (LAlT(),1s1,K)
5160 LY a K
537 9 UC(IA~lh2) Go TO ?9
5380 IFG0.1 PAPOT, kLAD MIX41pXLI, XS2.NN0 ApEXfvoW
5390 llEAD(INeFIN) MTX2, ELZ. X5,NDEdg NPUXd2XV
5400 IP(Li) PRINTt"WEAU f4TY2,vL2,yb2.NOV2#NPVeyxYE
solo RfADCP.,FIN) "Tv2, YL2, Y82#NDY2pPY2, VMU
5420O IF(t4TX2vLEQ*) GO TO 27
$430 IK a 3
5000 IF(LI) PRINTPPNLAD EULAULLi'
5450 GO TO I
Sucpo 26 EIC0QfCCLX2,PMT) CLAITCI),Z31,K)
5470 LXa a K
5400 27 IF(MTY2.Lt,0*) GO TO ?9
5ua90 IK a 4
5500 IF(L1 PRINTNRLAO VSLABEL2*
5510 GO TO I
5520 28 ENCODECLBY2#FmT) (LAbTI)fIu1.K1
5530 LYR O.K
5540 29 1FCIDAS M. NEQ) GO TO 12
5550 TH a TMLTA*9017453,025
55.0 S s $P.CTH) f C 2 CUSCTM4)
5570 XCF 0 SPXaC/3FX ; X5F x SPX*$IbFX
5580 YSF a SPY*S/3Fv YCF a SPY.C/bFY
5590 CALL PLUTS("A")
5600 CALL PLTOYM00,.l3
5010 DO 10 1 a Ith 0
S.20 m a X(Z)*ECF~ a YECU'YSP
S030 V a XCI)*XSF * Y(1)*YLP

somo I(Istd.12 CALL PLUT(.mV#3)
SOS0 10 CALL PLUT(MoVei)
S600 GU Tv 14
5670 12 Pt~i) PHINT,'DAS9LO LINE a SLIPSL2 9 SOLIO LEN6THS,',
50S0 a. '8L a dLANK LEIYGTP (114CMES)'
5690 IF(LI PRINT#*HtAC SLI,5L2,bL"
5700 RLAD(IN#Flhj SLIPSLit,6L
5710 CALL PLUTSmAw)
5720 CALL PLOT(x0,YO,*3)
5750 CALL 0ASNLO(X,y,NpSFXSE,SFYdSJY,S.1,5L2,BL ,THLTA)
57ua0 14 UclA.Il) ,96#
5750 X5 a xeaSlpx ; vs a vs*spy
5760 IF(XLsLE,0j) 60 TU 10

* 5770 XL a XL.SIPX I X37 U X503FX/3SOX
5780 CALL AXI$14CMSYSL6EL,..TXKLN0E,0,X5T ,SFX,SPX,
5790 b.ITx,mPXfTHE7A)
$600 10 IF(YL*Ltv0,) LbO TL 17
5o10 YL a YL*SPY ; YST a YS*S Y,#PV
5820 CALL AXI14(XSVSLBYLY, qTYPYLPNDY, I yST ,s~y,SPY,
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PLOTSOS CONT 1013010 oslalibd FILE B'A6 NUO 9

t5630 ITY,NPV#TmLTA) 0
5600 17 IF(XLZ*LEe, GO TU 16

Sabo XL2 8 XL2*5PX ; Xbi 8 X6,*SP3X ; XYO 2 AY005PY
Sabo WiT 8 X5203FXISPX
b670 CALL AgE310(X.eXV0,LWX2e,LX2,rm1,ZoL2X2#,XT2,SOXbIX,

babo l7A*NPXiPTMLTA)

V5690 18 F(YL2eLk.0,) GO0 TU 968 D*P5900 VLE2 8 YL2*SPY 1 Y52 x Y52*51PY I 'VXO YO.P
5910 Y572 a V32a35PY
5920 CALL AX13146(VY2,LWlY2.LY2ipTYy2,yL2,NUy2, 1 ,v~ie,5PV,5I'v
5930 1 li vokpYaTMTA)
5900 98 CALL PLOTCO.008#99q)
S950 99 RETURN
5960 ENTR4Y INFILC1NF3
5970 IN * INF I LI 8 p
5980 RETURN
5990 END
6000C

00oc RE- ****** "INITIA~t VATA P'LOT" SUbMUUJI'4
0020 SUBMOUTINE DA "LPCXdeV6,m,SFPgSP YLI DSL2,bL.THETA)
600 DIPENSION X8(1),YbC1)
600 INTEGt~ F#PZ,03
0050 NEAl. NIC2)0N2#N5.#.0,LlPL2
0000 LOGICAl. Li
0070 C0i~mN /BASIC/ ,2M,',1e2N N.~,.,I
0060 £ H*ORI ,3,6oou2,uaV0,vbjQD3,L3
0090 Tm a ThETAm,Q17d653292S
b100 5 a SP'C7H) ; C~ x CUSCTM)
0110 XCF X C/bIi I XSF 8 85SFX
0120 Vb a 53'SF'v I YC3p a s
0130 NI1(1) 9 SLI
0140 N100) 9 5L2
0150 N2 8 bL
01bO FBI
0170 $zoo
0100 03 x F
0190 Jo 2a
0200 D3 xat.
0210 WI. 8 XGC1)aKCF a Yd(1)*YSF
022 RI 2 XBC1)*XSF * YOCI)*YCF
0230 CALL PLOT(W2,01,3)
02d10 go 100 ZEZOM
0250 wO a (.1

6470 RO a RI
0260 VS a No
0290 CI 9 XacI)*XCF *BI*S

0300 RI 2 98(l)*XSP YatI)*YCF
0310 018aC0.Io3
0320 028CR1.No)
0330 O~uSONT(01.a2#02002)
03460 IpcU0) sloof
0350 UluolDoo
0300 U2200,00S
OSIo ZFFf!.LQ0) OU To 10
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PLUT3*S CUihT 1083014 obi/be FILL PS~k NO, 101

0380 LlaU1OIk0
0390 Ldva*Nb
64100 us
04110 VUSV5
0420 LALL LNTHYI'
04130 1PCF2,kU91) G~O TU 100
0440 10 CALL SUBLIN
04150 IF(Flohto1) 60 TO 10
64100 too C09N 1NUk
04170 RETURN

64190C

60Q0C MEN~ *arn.. *PLUT DAS~iDLINto 8LU0ROCTINk ...
6510 SUBROU0TINEI 3UBLIN
6520 INYtGEN1 F#FiO3

* 0~~650 RtAL N()N,~,1L
* 05410 LOGICAL L4

bbso Ca MU 14 .4153UAu uSvoV,.o03

0570 0403t15

0590 IFCF.tf,.2) GO To Ru
0000 JO a jQ+D)
0010 LlsvI*hNIC)
60,20 L2.U8*N1CJQ)
6630 Os a 093
66410 GO TO 30
0050 20 LlmUl*NZ
6660 L2sU20141
0070 ENTRY tT14Yl
0080 30 N~aS.5L1 

o66090 VSUVS#Li
0700 IF(ABSCjl~uG0),I6TqAolS((u1.)) GO TO 70
6710 IP(ABS(V5.410)q6TAB5CRISR0)) 60 O 70
6 710 F2v0
0710 IF(F.kG.1) GO 70 So
07410 Fal
0750 410 'M5L 8 HS5
0700 Y5L 41 VS
0770 LlS @T
0700 PITIURN
0790 s0 F82
0000 00 IF(oNDTL3) 6O TO 05
610 CALL PLUT("SLoVSL#3)
0820 L3 a *
bu* 0 O3 S CALL PLOT CM#VS,2)
6840 RETUR1N
0650 70 '45.01
&boo VSSNI
W07 LlusNw0
060 L~sV5'V0
00390 NSm5wa *2#.*i

* 0900 IP~f2.Liw.o) Gu TO au
6 910 haNouNsN
6920 GO TIo 110
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PLOTfaS COOT 10130h14 05/97/82 FI~b PAUL NO, it

6930 80 IP(F,LG.2) 60 TO 100
6940 N68NICJO)ONS
b950 Go TO 110
6960 100 NjuNiteNi
6970 110 F2@1
6980 IF(Fol) 60,60#0,
6 990 N

7010 SUBWOUT1Nt A9I5lQCX, Yo loco#, NC, Of biLL, hh, iAV, Xm1N, DAI

7020 &SPACto ITIC, NPIO, THLYA
7030 DIMENSION LbL(?)#1bCDC13
7000 DATA IBCD11a'9 /#LbL14P4CX1O,~mM
7050 xv 2 IXV
7060 ANGLL 6 XYaQ,+TIILTA
7070 T" u THETA0,01745329
7060 6 a SZN(Tm)
7090 C a COW"~r)
7100 TIC 8 SIGN(JOITIC)
7110 SPAC a SPACL
71d0 G
7130 Plo UNp10
71410 X2 a x
7150 Vl a V
7100 XY a 0
7170 VT a 3
7180 LINt 2
7190 31Z *SIlL
7200 IF S1Z) 1@16#100
7910 1 LZI i )

710 100 NO0 a NN
120 NA 8 NNi
7dS0 IF CND) 3#2ti

*7960 2 NOIG 2 NO + I
7170 Go TO so
?ZO0 3 NO 8

*7de90 NOI!6 B 0
7300 30 NbPACt inl S S PAC * ,b
7310 PNSPAC a NS9'ACt
7320 TL. 8 FN3PAC * SPAC
7330 moa u Ga* 95
7390 MU? a M02 1 3,5
7350 MUTT24 a 4, 4
7360 PUALK a 10, a,(ONP10)

7380 XmEs a FOAL" XMIN
7390 ANG a 1.wXV

47400 NO a NC
7410 ALA6 8 1.
7412 XYL 5 old
7920 IF (NO) So 6, 0
7430 5 NO 8 WNb
79.0 A6dab al
7&142 XVI. U XYL6
7950 0 TICXY Cl@*XV.1.)aALAd*1ICa.1
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PLOISSI COiNT 10130:19 O0 1~i FILL PA6t NiU,

7440 X71Ca TICXY * At
7470 YTIC 5 TICXY 0 AN(U
7400 AK Nd
7090 IF Plo) 60#65#60
7500 60 AK AK h 0,
7510 65 $TITLE aIL * 5 *(7,*AK H * C~7 S5
7!120 TLcmI a .16 TIC aO
7530 ANCMIN a*4
7540 *hu~ a ML
7bb0 LIN a3
7bo NMAX U0

7570 j 8 0
7500 00 12 ISJ#NbPACE
7590 N02617 a NO01(
7600 CALL PLOT Wel Vat LIN'
7610 LIN. 8 LINE

7030 11 a YT+YTIC
7640 AS a AlaC * vis * A
7650 iP a AlS*s TI*C * Y
7660 CALL PLOT CAP, YP, Z
7070 If (6i 7. It# 7
7.80 7 IF(N00C1ITIM) 8,8.10
7690 8 ZI'EMP 9 4o34294401 *ALO6CAB3(XNUI'O)4,! a 1,*a(vNO))#1,
7700 IF(ITMP7070071 ~
7710 70 ITI"P a I
MO1 71 ND161T a NDIGIT#7tLmP
7730 IF(XNUML09,lQ10
7740 9 ND1617 a NOIGIT * I
77b0 10 IFCNDIGIT a NMAX377077076
7700 70 NMAA a oQD1i17
7770 77 FUIGIT a N01611
7780 CENTER4 a (7, FD70U17 3o) a hUT
7790 KANO a v ALAs axy TZcm1 * ctLNJ CENTER
7800 YANG U ALAb a AN, C 7 ICMl 4 HOP-) a MUi
7810 XI m KANO 4 X1
7820 vi a YANG * YY
7830 AP a Alc*C aS a* A
7000 VP a MIaS * YlaC + Y
7850 CALL NUfAb8t CAP, YPo G XNUMO, T* LTA. AA
7bo 20 XNtmb U XNU~b + ULLA
7870 IF(ANUS4INv1ANO)jIf11.70
788U 78 ANCHIN 8 KANO
7890 11 CALL PLDT(Xdt Y2. J
7900 AT a A7 +aSPAC * ANG
7910 VT 8 Yl + $PAC a XY
7910 19 a AI*C *le VT' *
7930o Yd a ATeS * viC + Y
7940 12 CONTINUL
1 9b0 IF 16) 13p 10, 13
79.0 13 NA 0 R 4
7970 IFCAMuO(N8,6) 318, 18,17
7980 17 NA 8 NA 0 1

7990 18 00 IS 1U1,NA
8000 IfCIBCD(DIbCD1319f15f1q
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PLOI liS CUT 10130114 05/27 /b6 kILk PAtit NU~, 13

6010 15 CONTINUL
6020 6iU TU le
6030 19 I'iPAX a P4"AA
60460 hC^10 a (7. 4 Ft~mAx a MU a *5
dobo XTITLt a XY a (AtiUrMN *ANOMIG - ALAD *(ANUoID XYLJ)
6060 Ak £t0 3 TITLL
8 070 71I1LL a ANI6 * (VANU ALAU * *1 ) Im 0Xv a ShILL
6060 XP a XYUTLk'C *YTITLE*5 * x
6090 YF a X71TLi*S V T1TLt*C 0
6100 CALL syloULWOP YPP Go ISCO, ANilLL# NU
8110 If (PIC) 140 1ot 14
61it0 10 PNO 2 No

01.0 tN a (P hb + 1I G
61460 XT1T6L a XITLt + A146 * ON
6150 YTITLL a YTI7LE * xY * thN

oleo XP a XILOC Y1TILt*S 4 A
0170 YP 2 X1IZLk*3 YTITLL*C # V
G1n0 CALL ly"001L (XP#YPoGFL6L#AN(.Lt#7)
6190 XITLi 8 XTITLE + ANG * NOTTI' BXYa."L1
6100 YTIILE a YYITLt + XY * $071 *ANIUanUd
6110 0~ a xTITLE*C e YTITLL*5 + X
sitac YP a XYUTLLaS * YTIYLL*C # Y
8210 CALL NUF40LR XP YRO5, NOa$0, Plot ANGLto -*I
*d4Q 16 NLTUNN
8250

m
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PLUTL.vioiaS uble7lbd JL: bPA4k SL,

3000 SUSNUUTIt LAa(gt*0NbZgNL,1YEi.Nu1)

3010 a

3030 KCVL 8 INCYL
Jo0Q 0 KAY a IXY
3050 KA 2 NA
3060 gKTIC 9 ITIC
s070 IL~b a I
3000 XYL 8 old
3090 1F(NC)1eti@2
3100 1 ILAN w *

Si10 XYL *XYL+G
sliG 2 TL X SILE*KCVL

* 3130 NANG a )I(KXY
31460 N61 8 NCOILAB
3150 LAMP, 8 (it*KXYwl)*1LAb*KT1C
3160 71CiY X LAN1,*0.1
3170 XTIC 2 IICXYOXXY
3180 Y7C TICXY*NANG
3190 ITICMI 6 lwKTLC

solo M07 a G/7,
3220 FIvHU7 2 0107*b,

3R30 7img702 8 *fIVM'07
39eM0 SYIYLE a 9*7aL - ,5*M07*(?*Nbl-S)
ileb0 XT a A
3200 YT a Z
3270 CL X 8IMt
3250 ANG * 0a OA
3290 ANO 8 @10.KTIC*,Oto
3300 ANCI 9 ANU4P.MUlUP
3310 Flo a AL0610CEmIK)
132w PIo" a PIO*KCYL
1330 xph a3 *
33440 IXP0L.,.N.a0,,,. PN 2 XP'N.+H]7U2
sih0 CLNUWJ 9 -3,,N*U7*XFN*KXY#%Ah1,*HU2
s300 XANOU 2 wLAU,*AV*CANQ+LEl1'tN) w * N

3370 VANO 3 ILAbjONAN6O*(AN01*MU2) 9 HU
3380 IF(KA)12,12,10
3390 10 XANUP 2 U D22(
J1400 YAiN0P z YAf4U#97*6
31610 CALL SYMbOL (XT*XANJ, YTVANU,6,oemlOr,.U e)
349tCALL M4UM hk(XtXANOI,T,'rANO-,I VMUIM10U,0,.1-l

31630 12 CALL tLU7CXT#XTIc#V1+VTIC.33
316160 CALL PLUT(E1.VT,2!)
51151) 00 60 N1KY
JUDO0 TL x L(Nel)
34470 TLOe 2 3 *A

3460 TL 5 TL*NAN(,
3491U 00 3u 132,10
Shoo FLPCOI 8 1
Sb1u T1LNL 3 ALUU10(CPLPCUI) aCL
3520 u ! XI ILINL,*.AN~i
3b30 AP S X1411*1L

35160 VI 9 TL1INL*IK1
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PLOT1.06 COO ~ zoaldis .i7d PL PA~,k NO

Sbu YP 8 YZ.Y1.TLUd
1560 CALL PLC7CX(I~oPoe)
3b70 CALL tPLOT(MI'4XTICoYFYII1C,?3
1580 30 CALL PLUTCMXFsl'1 3)
3b90 Zf-CKAJ 60*b0,00

3610 CALL 5Yb6X*AUT+A(#f~~Uvd
3620 PIO a P10#1
ibju CALL NUMdtkCMIDXANUP,YIIVANUPV 1V407,I'10,0.,-1)
Jb60 CALL PLCTCXP#YP#3)
lbso 60 CUTIN~t
Sbbo IFcCG) bu,80#70
3bo 70 XTITLL 0 KXY*(XANvU.C NThi4.LAb*(Ct 1itkX'L)) + IAPG.TTLt
Sbdo YT!TLL 3 NANI..(VANU+1LAd*(6,.'lbj) * KXY*ST1TLL
3090 CALL 6YPBUL(XT1Lb,.#XTDYTITLt.yTD6.UCDDANGNe1)
3700 00 RETURN
3710 tN

40QQ0

B18



Instructions for PLOTLL

All input is in free-field format, and the program will call for

the variables by name. The plot specification input variables are

indicated in Figure B2.

Input No. 1: XO, YO, XMIN, XCL, YMIN, YCL, IA, IDASH

X0,YO--X and Y coordinates of the origin on the
paper, in inches from the lower left of plotting

surface

XMIN--starting value for X-axis in user units (lowest

decade value, i.e., 0.1, 1, 10, 100, etc.)

XCL--number of inches per log-cycle on X-axis

YMIN--starting value for Y-axis in user units (0.1, 1, 0

10, 100, etc.)

YCL--number of inches per log cycle on Y-axis

IA--axes specification

0--plot axes 4
1--no axes

2--X and Y axes drawn plus lines to form right

and top border

IDASH--=0, plots solid line

#0, plots dashed line

Input No. 2: HTX, NXC, NAX

HTX--height of characters in inches for X-axis label

NXC--number of X-cycles

NAX--=l

Input No. 3: HTY, NYC, NAY

Exactly analogous to Input No. 2 except for Y-axis

Input No. 4: X-LABEL

Input No. 5: Y-LABEL

Input No. 6: SL, SL2, BL

Input only if IDASH # 0

SLl,SL2,BL--length of dashes and blank in inches

If IA = 2, the following two input specify labeling of
of the right and upper axes.

Input No. 7: HTX2, NXC2, NAX2, XYO

Input No. 8: HTY2, NYC2, NAY2, YXO
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HYX2,HTY2--height of characters in inches

NXC2,NYC2--number of X- and Y-cycles, respectively.

NAX2,NAY2--set both =-1

XYO,YXO--coordinates in inches of the upper right corner-
of plot
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14480 SUNOUTINE NLUTLLCKY'%)
46830 COMMON /FL1NPI LjjI%~
d60'0 D1,.tNS1ON X~li,'v(1)
4050 CMAWACTEW .00 LbX#LbVLU2LbYevLAd1'j(&vJ,
4600 a FPr*ao.#mjbAl I/,F jAS33m(V)/
41070 LOGICAL Ll
46080 DATA Li/,ts/ aNS
4090 IV cI1) PRINT, I~tAI X0tYOSXl'IIKCLYP1NYLL. IA,IUASM"
46100 NLAD(1'..Plh) A0.YUpXMIN#XCLPYMINYCL,1AIUAbP
46110 1P(XCL) ,P99
46120 I PU ,2tEali ;60 asi9

4150 IF(LI) PIIN7,*MLAU f4TE*N2L114AX
46100 RtADCINOPIN) ?479FNXC,4AX

4171) IP(LI) PA1NToFNLAU "TYPSYiNAYN
46100 WLA0CIN#FIN3 M1Y,'NYCDNAY
4190 PCHTE.Li*ue) Go TO 7
46200 146 a 1
46d10 IF(LU) PIINTs"WEAU XOLAWULL
0dao I 6LAP(INP'4T) LAST
46d30 go 9 1.1,00
4610 46 a 6011
46d50 If(LA8T(AtJ.t.1M ) 6U TO 3
4a00 2 COKTIIWut
4010 3 (68 TQ (be6.o2o) v1K
4480 6 ENC80eI(S.IB1 (LABY(11#13IK)0
46290 LX 8 OK
46300 7 lf(NTY@Lt@0e) 6O TO 9

46320 IF(LI) PN1NTp"MLAU Y*LADEL3

46330 90 TO I
463460 8 tNCUOL(Ldvp9mI) (LAdT(13,1U1.IK)

46300 9 IFPUA.%L.2) 6P0 TO R9
46370 IFcLl) PI4NT,"MLAO) MTXi~vNCdNAXdfXY0"
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PLUTLUS CONT 1013&u.'S obigle PILE PAt NO,

66380 RAD(ZhFIN) MX2NC2#AXl,#?ii
16390 IF(L3) PRINTI4LAL) M~ac?#A2V
14400 4LAUCP..P IN) MT~NCNVpX
46410 IFCXY0.L,0*) A'VU a NYC2*YL6
1410 IFCYXO,LL~u,) YxQ a NXCi*XCL
'dM30 ZFCMTX24Lt.O,) GO TL) 27
116160 IR
64450 IPCLI) PFkIN ,MREAD XwLABLL2"
4460 60 TO I
4470 26 ENCDtCLBXjlT) (LA6T(I)#IU1,K)
'6680 LX2a K I
4490 V7 ZFCMTYZ*Lk.gg) G0 TO 19

*4b(ou IU 4
'IblO Z(L1) PRINIo"RLAD YwLAbLL2"

*4520 60 TO 1
4530 28 kNCUDt(LbY1,FMT) CLAbT(l)*,I#A.)
45440 LY2 8 sit
4550 d9 ZO a ALDG(XP4ZN)
0560 YO 2 AL0GOYMIN)
'6570 XLF s/A*4l44di*XCL
4580 VLF U 43429402*61YCL

* 4590 IPCIDASH4,NE60) GO TO 12
4600 CALL PLOTSCA")
dib10 CALL f LOTCXOYOpw3)

4620 DO 10 1 a 1,N
4630 IF("CI)sLf90q) X(I) cXI
464e0 LFCYCZJ.LE,0.) Y(I) a VM'ZA
4650 HN. (ALOGCXCZ)).XO)*XLF
4660 V a (AL0G(V(I))mVQ)*YLF

*16070 IPcI,EU.1) CALL PLOT CMV03)
4680 10 CALL PLOT(MV02)
4090 GO TO 146
4700 12 ZFCLI) PNINT,"DASMkO LINk a 51L1,SL2 SOLID Lk.NGTI'l8"t
4i710 0 L 8 ULANK LLNLUTM (INLeMLS)m
4720 IPCL1) PRINTp"MEAU SLIvSLZ.8L
'6730 MkAOIN#FIN) bLlSLie#BL
46740 CALL PLOTSCOAI)
U7sO CALL PLOYCXO#Y&),.i)

*4760 DO 13 INI#N
46770 IF(X(l).L..0, X(I3 8 AMINt
4780 1CC.L.0JYCI) 8 Y"IN
4790 a() (ALO4CxCI).XO)*XLP
0800 Y(I) B CALOG(YCZ)1.yO)*YLF
4010 13 CONTINUE
45810 CALL DASI4LD(XoYA. I .l1,SL1,bLg~bL#U,3
4830 14 IFCIAeI) #96,
0 1840 IFPNXCLEIQ) GO TO to
46ti0 CALL LOGAXS(0;,0. ,L8xLXNTXXLL,'NXC,0,XM1N,NAX, a,

* 4800 10 IF (NYLL,) GO TO 17
* 4670 CALL LOGAXS(U, .0, LUYLYob4TYYCLNYC, I .y"I~NAY, 1

4660 17 IF(NXC2&LL*0) 6U TO 16
4690 CALL LOIAXSQ.,XYODLUXZLxIDN4TXZDECLpNXL1~oDXmIADNAX21 1
4900 183 IFCNYCl.LL*Q) GO TO 98
4910 CALL lOGAXSCYXEO. .LyZL'VZMTYI.VCLNYCZ.1 ,ymjNNAYie 1)
4910 98 CALL PLOT CUse,0999)

10LOT7LOS CONI 10u5214b ub/d7/84! PILL W'A6L PiLS

4930 99 RETURN

4940 END
scooc
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51020 SUMI'OUTINt PL(JTLYCEVN)
5030 CU"OUN /FLI'NP/ LIPIN
504*0 U10ENI'J' XCI)SY(13
Soso CHAkAALI~k *60 LHXvLt*YvLHX2,LbV2,LAbTOI(003,
5000 F-1*b/M(0Al/,Ftw3/HqV)/
5070 LUGI..AL LI
S080 DATA LI/,T.# s IN/5/
13090 IF (Li) PIhINT.*4*LA Xo.VUv6PXY"MPVLL,1AvIUASH"
5100 MLAD(IftF j) X0,YQ#5FxVMI'%,YCL, 1A,LDAbH
5110 IU(spx) 990
5110 Spa a to
S130 IFZIA.LU@i) GO TO 29
%140 LA "I 1 LY 8 1 LX2 8 1 1 LY2 8 ol
b1bo XLI e 0.I YLZ 2 0, 1 NYLZ 2 0
slog IFCLI) PRINT#*ILAU HTKXLXS*NIJXNPX#3PX#ITX"
5170 READIhsJIN) HTXPIXLSNDX#NPIX, TX#
Sl60 IF'(SPXLL*0.) SPX a le I I(ITX9Eu.0) ITX

5190 IcLl PRINT#OWLAD MTY*NYCphAYP
5100u HLAO(IN#FIN3 NTY#NYC#NAY
sit10 IF(M79.LL.O.J 60 TO 7
5110 3K a 1
S230 IP(LI) PI4INTp*RLAD XwLAdk.L
514*0 I RLAU(Ihi#FMTJ LAUT
5150 00 9 181060
Sabo Ak a bil
5170 IFCLAbT(K),NE,lM ) 6 TO 3
S980 2 CONTZINut
5190 3 GO tO C60t6,O.) *IK
5300 0 ENCODEGUWFT) (LABY(1),IS11K)
silo Lx 8 OK
5310 7 ZP(MTY*LE,09) GO TO 9
5130 3K 0 2
534*0 IfP(LI3 PRINT#,ML) YeLAOLL

5460 a ENCODECLOYfFMT) (LAdTCI)#.!m1,K)
5370 Ly 8K
5300 9 IP(IA*Ntgd) GO TO 29

5J390 IF (Li) PMIIN.T,"I4AD MTXa.XLlxsd#NOxz#NPXIXY0'
54*ou kLADC INPF N) HTX#XLl.X520Nvx~phpxaexyo
54*10 IF(LI) PWINTNbkAU "TydFNYCdfN'AY2,vE0*
S4*10 READ(INFIN) *TY2,IYC2#%A~kyg xo
54*30 IF(XYuLEe0.) XYO a NYCd*VCL
54*4* II(YXU*Lt.U.) YXU 2 SPAXX
154*50 Uc(HTX1..L.0s) 60 TO 27
5400 IK 0 3
5470 JPCLI) PRHZNtMAO XvLAt~tLd
limbo GO Tu I
IJ090 26 ENCUDLCLBXRPFIT) (4AdTCI),131,K)
5500 L.X2 2 K
5510 07 IP(MTYi@LL#QeJ 6O TO 29
5510 IK 4

B2 4
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FPLOTL&& CUNT 10I3disG us/d7/#2 FIL PAIDL NO* 5

b~30 IFCLI) PkIINT"NtAV Vw6AbtLie"
b)4 (U Tij I
513b0 ii tNCLDt(LbY2#FAIT) (LAbTC13a1UIw~v
$50 Lyi X *x

550 d CUNT1NA
bibu YU aALUU(VmIN)
b590 ESF SPX/SPX
5000 YLP a *434i94~482*YCL
So1o !FC1OA5m,NLU) GO TO 12
5.ao CALL PaL0S(.An)
5640 CALL, ILUTCXOYODU3)
S640 00 10 1 a IO
5050 IF(Y(L)sILL.0eJ Y(1) 8 YMIN
5060 m w X(I)*XSP
5670 V a (ALOGCVCI))YU)*YLP
Soso XF(i.IQ.1) CALL PLOTCMOV13)
S60u 10 CALL PLOT CMV09
5700 GO YU 14
5710 12 IF(LI) PNYTDASHLU LINE a 5LI#5Le aSULIV LLNI61mSeu

* 57a0 8 8L. 2 6LANK LLN6G70 CINCI1LS)w
57s0 IF(LI) P'NINT#*NLALU SL1DSLa,0L
5740 RLAD(ZIPFNJ 8lS~0

* 5750 CALL P1,0T7CAP
*5760 CALL PLOT(XOY0rw3)

%770 00 13 IUION
5780 IFc'Y(Z),LEs0.) YC1) 2 YMIN
5790 XClJ a()*b
5800 Y(Ji i (ALOOCY(1)J-vYOJ*YL7
SO 510 13 CUK INUL
J620 CALL DA5HE0CAYN#,hI.DL1DbL~.bLUo,
S1330 14* 1F(1A1) #90t

5850 1P(XL.LE,0@) 1OU To 16
58.0 XL 8 XL'SPX XST 9 XbAbf~i3PX
SON~ CALL AXZS1U XbYbLhiXLX1 MTXXLNVAU,XSTp$xSPX#
Sab 180 1TXONFIXPO#)
5890j 1b IP(NYCLE,0) (mU 1C 17
5900 CALL L~ibAXbC0.#,L8iyDLYI4 VYCLNYC, I gYOI*NNAYg 1)
53910 17 IPF(XAiL,k.) 60 TO 18

* 59u XL2 8 XLd*$PX I X$2 9 X52*3VX
*5930 Ube XbiMb~x/spk

5940 CALL AX1S1MCX3uPXY01 LwXZL~X2,tt*XR.XL2NUX.0,XSTiStXSPXp
5950 1

* 900 18 IP(NYC,Lk0)-6O 7U 98
597u CALL L0iAXSCVX0P,. LWYZLYZNTY2.YCL.o'Ytdlo.1YMINNAVie 13

59b0 90 CALL OLUT(UstU.,999)
* 5990 99 RE4TURN

6000 LNC

B2 5



APPENDIX C: RESINV LISTING

RL5ZNV 141£4i4S'£ usleblee ILE F.A(pt NLs

S*M RUN *lR0O£D4£4/PLO~b,L
10 INUER E

!0 COMMON/Z1/kAN/ZeDLX0bIAC/L/N/ZJ/11 ,NAki.L/5/1E
so CUMMON/ZAl#U(abIO)/ZA2/U1 23)LA/(9/AUK3)k4~)45

RU &k1(3j,#Pl(9)/lAOlbN(30)
so DIMENSION NF(29j#X(Z93

70C CAR a ARRAY COE#INPUTP
801C 1.-FOR 5mLUmdtk;t,
90C 2--FOR NLN
100C 3weFON bIROLE-BIPULLe
110C CARD 22' 3PACftfM#NNpR4SC (FORMATOFI4tL)
120C &PAC 2 CLOSEST A UIR 5 SPACIN6 (REAL)
130C E NUMBER OF MUULL OAYER$ (INTEGtkR)
140C k 2 NUMbLk UF FIELD kAOINGS (INTL6Ek)
lboc NiN a NUM13LR UF PIXQO PAHiAMLTL.S (INl(.~iR)
160C RM5C a Rmb PERCENT ERROR CUTOFF C.REAL)
170C CARD 82A ENTEN UNLY FOR bIPOLL.1b1PUL AMHAY, INPUT.
180C 1-wlF NoVALLJLS ARE VARXLUe
190C OIof AwSPACINiS ANL VARIED,
200C CARD 028 ENTER ONLY FUR bIPOLEabIP0Lk. IP VALUE LN~TEkLQ IN 4eA mAS-
210C 1.-INPUI N-VALUES (TOTAL M) IN INCHLASIN6(MkkUL (PUKMAT-ikLL)
220C OwINPUT ONE N&VALUL, (N*N.1)U
230C CARD 23 SAIP IF I vvAS ENTERED UNK LAND z2A.INPUT.
Z££OC to-IF FItL READINGS ARE PERFECTLY .ObARITHMIL
250C OpoOTMEH015E.
260C CAND u3A ENTER ONLY It 0 riAb ENTERED ON LAND 23,
270C INPUT A ON S-SPACINfi4, CT07L Olt FURMATPF£4EL)
28OC CENTER Ex7NA CARDS IF NLLLSSARV.)
290C CARD 2£4 ENTER FIZLD APPARENT HLSISTIVI1Y VALUES,
300C (PUMMATPFI4LL, LNTLR EXTRA LARD0S IF NECESSARY.)
310C CARO 25# ENTER LAYER PARAMETERS. (TCTAL iet.1, IOkMA1.FkLE)
SZOC ORDER.MI ,CW,.,(P%,(
330C CARU 66 ENTER FIXLD PAWAMETEN NUMBERS (SKIP IF NNZU),
340OC SAME UNDER AS CARD Eb,

35c I@E, FOR Q*LAYER MODL.. IF Mi(3: AND H(.2) FIXLU# kN~tk Sib

370C NEPEAT FUN ADDITIUNAL MUDELS,

365 CALL FxupTC84#lo1,0)
390 S FONMATCV)
400 DLLX 2 AL.OGCIU.)/6
410 1000 READ SoINDEX
4do F(IP4DEX.LE,03 5TOP
430 HEAD SSPACEMNhjRM5C
£4£U IF(INOEX.2) 12P12#6
4bU a READ So IA

* 4bU IFCIX.EC£.13 6C TO q
470 Jul
'£511 GO TO 21

* 491) 9 jam

Stu GO TO 512
5120 12 £xse1
S30 512 N820EOI

Cl



RES10iv Myi~ 14814421844 oj/9blb2 FIL.E PA4QL NO, a

1480 SPACOALOG(SPAC)
550 1F(ZELu,l) GU to Ii
500 READ So 1N0A1

*570 1F(ZNDXI.LW*1) L60 TV 13
Sao CALL 3PLINL(M)
590 ou to IQ
000 15 READ So CN2C1)o1u1.MJ
6 10 14 READ So (PCI)Iulp%)
020 17CNNLL.0) G~U TO 481
030 RE~AD be CNP(1)Pln1,NN)
0480 441 PRINT 482
050 442 FO~mAT(W/ RESISTIVITY INVbI4SIUN P140LAM")
000 IFC3NDt~w2)4J4!b,47
010 483 PINiT '44
6 80 44 FUOMATC/4 5CbILUm6IAIGE8 ARRAY"/)
090 60 To sa
700 485 PRINT 480
710 480 7gOgAT(/0 ILNNLR AMRAYNI)
720 GU TO 62
730 487 PRIN.T 440
740 48 FOHMATC10 BIPOLLabIPOLE ARRAY"/)

*750 IF(IX.NL,13 GU TO 50
700 8P3EXP(SFAC)
7t0 PRINT 49#SP
760 449 F0R,ATc5XpeIpOLt AuSPACING E*FO,2/)

*790 so0t0520
600 50 PRINT S1,SNC1)
010 51 PUNIPATIWBIPOLL Ne5PACING XqPb,i2')
620 52 1imo
630 UsIos0
6440 VaI*5
650 53 11MAX a 1S

*600 JMAXNIS
670 00 9150
boo JISO

*890 IlCINOLX92J 70,80pbU
900 70 CALL SCHLUm(K1)
910 60 T0 100
920 60 CALL 0Eh01P(K1,INUtX)
930 IPCtN.LL#0) GO 10 100

*940 DO 95 131,NN
*950 KXNF(1)

9bu Du 90 Ja1,M
970 90 uCJ#K)Z0
960 9b CONYINUL

*990 100 00 120 I11M
1000 RMS3UC1,N41)
1010 RI (I)zALOGCW2CI)/P(13)
1020 DO 110 JsIN
l03u 110 QC1,J3sW(I.vI)/RC!)
blo 120 CONTINUE
1050o Ii-(11.61.0) GO TV 170
IU6OC COMPUTE 3Um OF SWUA~tbo
1070 P"ImU
1000 00 130 1U1,pm

C2



ASIZNV COtNT la*14214*4 Ob*'9O62 tULL PAGt N~o 3K 11000OO CUMPuTt '04 PkLWCLNT tk(4jSkt
list) RMSU

* 1120 00 14*0 1g1oo
* ~~1130 14*0 MU(.C)NC)Ol1bIL J
* 114*0 MMSUIOO.*SGN1C4*MS1M3

Itsu CALL OUjTPUT
1160b ZPMU"3.LLIo SC) 6O TO 1000

* 1170C COMPUTE INITIAL tI'SIL0Ng
%IOU Elmo

*1190 00 160 Igloo
1100 0V0 b Jul."

*1210 1SO klxL1.GCI.j)*U(I*J)
1220 160 C0NTINUL
12)0 E1s5G6 CCY(EI N*N))
1940OC ORY~oOGUNAL FACTORIZATION,
12b0 170 CALL ONFAC1
1460 180 CALL 0,FAC2(E1)
1270 CALL SACKSUb
1280 IFCNNLEoO) 60 10 200
1990 Do 190 lu1I.#0
1300 J*NFCI)
1310 1.90 P11,1)w0
1320 200 00 210 lslN
1330 X(1)EPCI)

4 134*0 PCI)wP(I)#PlCI)6
1350 210 IFCPCI2.LL.0) P(1)z0.001
1360 F. a

* 1370C CVOPPU7 Ntoa MODEL APPARENT I4LsI5T1VITjLS.
1ieu 1P(INDEX&2) dd20.23Oo?3Q
1390 220 CALL SCHLUMCKI)
14*00 GO TO 2150
14*10 230 CALL o1ENbIP(KI*1INUtX)
14*20C COMPUTE NEP SLOM 00 SUOARE5,
1433 250 P'41130

14*50 DO 1 )30( .'~*1)
14150 RI)BOC1).Lk.) NI3,

14*70 AAU(~1#(j
14*60 260 PI11.PIl#*AA
14*90C COPPARE NI~n AND OLD SUM OF SOUAWLSo
ISoc IFPPm1lLTP0I) GO TV 2e0
15100 £NCkLASL EPSILON.
1bilo DU 275 181,N
1530 V75 P(II~sXCU

1550 JISJI~l
1560 111J1.LT.JMAI) GU TO 180
1570 .dRITLCi,271J
150 70RAC JluJNA ..,TRIAL PGOLL PILL NUT LoNVtkb~g"/)

2770 CALL OTUT
1600 GO TV 1000
1610 ad0 PHISP01II
10900 cu"PltE kmi5 PtLL%1 LkmWoH
1030) RMS81)

C3
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RLS1NV CUN~T IMS'62144 Oi'S.'8 b1L PIL A6E %Us

160 OU 290 Igloo

1000 igmS310.O3UH1(MMMS*)
1670 11211+1
1080 1!(RM5.LL.I4"SC) GU YU 320
1090 IFPlII.GtIIMAX) 60U TO 320
1700C COmPL Nth EP51LON.
1710 IFNI1) 100,3008310
1720 300 £1.11/u0
1740 310 6U TO 00
1740 320 CALL OUTPUT
1750 GO TO 1000
1760 END
1770 SUBHOUTZNL SCHLUMt(1I)
1760 INTE~gR k
1790 CUWF4N/1,k.L,N/Z2/OkLX#SPAC
1800 CUMMUN/ZA1UWb5&30)/ZA3/FC29)
in10 ODIPLNSION FLTN(29)
1820 OATACFLTR Cl), zu1,29)/,00046256pe.0010907. ,0017122tagOO2008's

18i60 a,*4719,3,515,2.77&&p, 201,U54',o.9427,*09736'J,..0599,031729
1850 16,m,0191O90,011to50,..00719,.100Q90,-00271,O107'49*.0U1033b, -
1800 1..,00040124&/
1870 SPACwI9,*OELM.0oI30b9
1800 00 Id0 131,m$29

41890 CALL TRANSPMCY*ZK1)
1900 a0 VY#DELX
1910 jet
1920 IFCKIOUTO0) JEN*1
1930 D0 30 ISJ#N41
1940 So CALL FILLR.(FLTk,29#1)
1950 RETURN
1900 END
1970 SUORUUTINL v-Nti~1PlI'40x)
1960 INTEGER E
1990 COI.MON/ZI /E ,~oN/Z2/'LLLX pSPAC/L/I X
2000 C0PMUN/ZA1/U6 0,St)/ZAS1P(29)/,LAb/bN (SO)
2010 DI#.LNSION FLTHC3M),T(bb)
2020 DAYA(PL1IN lc,'),0203.*ul15,.010" 0~'b
iz030 1.,O003boo5,.000537b3, ,000789b..00115e, ,o01700gi,.00e"9b9. ,00soou,

207 SUALUGC2o3
a~bo 1F(1N~tXm2) 10,10,00
2090 10 YRS0ACwl0,87929*DkLX
2100 00 bb 121@M#33
2110 CALL TMAN8FMCYI.NI)
2120 1P(K1*GT,Q) (,U TO 30
2130 DO 20 JXI#N
21460 20 TCJ)XUCI#J)
2150 s0o ~ 1a(1%1
210Y34
21TU CALL THANSPM(Y1,X.K1)
also 1U11.6kT,0) G0 TO 50

C4



At$ 1P v copT 1g1iiQ' ob/ibibi lLE PA(DL NO, 5

itIgo DO 410 Jules
100o 410 0C11 J)m2,*T(J)wQ(IJ)

*22i0 55 ysv*OLLX
*2230 GO 70 160

Uatb 00 M~I
d2l50 1F(1X.NL.11 (U TO 70
2260 MISN
2270 "NJ
2250 70 DO 150 1xi.M1
2290 Y8SPACw1U,89219501ELX
2300 ASI%(1
2310 14al.
2320 IPUA.LT.1.3 bx~A*Awl,
2330 AISAUSCA01)
2340 SluALOG(Al)
als0 IFCA.LT.19) VYwYALUG(A)
23(po 52BALOG(A)
2370 S38ALOG(A+,j
2380 Do 140 Jal,m+33
2390 Y13Y431
2'400 CALL ?kANSF'4CYltjKI)
24110 17(MI.GT.0) 60 TO 90
24420 DO d0 KRlOv
a4530 d0 T(IK1a(JtK)/Al
2440 90 ICM,)aU.(jtN+l)/AI
24b0 rluY.82
24500 CALL TkANSPMCY1,JIK1)
WO17 IF('K1.GT,0) (.0 TO 110
24S0 D0 100 KatesN
24190 100 T(KI(Kc).2aIJCJ,V/A
2500 110 T(tNt1)X7CN+1)s2q(j#N1J)/A
ab251 Y12Y#53
2510 CALL T.AN3P'4(Y1,jf1j
2530 6IC~.b.iLU TO 140

2550 130 tJCJ41)CT(K1),OJN)(A1))A(A4. )A/2,)
2570 1410 ,Y0L

2580 ZF(IKNk.12 60 TO 150

2600 IF(K1,GT@OJ JuN+l

4610 DO 14S KBJ#N41

2030 1415 W(j#34pK')1U(1,")
02040 150 CONTINUL
2050 JPC1X.Ntvl) GO TU 100

2070 DO 154 lS1,m
2050 1PCKI.GT.0) GiO 70 154
4690 DO 152 Jx1.'N
2700 152 GcIj~36(1*j4.J)
27 10 1534 ~ ,.~Ol31N
2720 (0 TO 100
4 73U lao Jul

C5
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V 0

RIL aINV COP.T 14 :4&2 14 ObiabI82 PILL PAUL NLJO 0

2740 1P(KI0G1.0) JUNO1
2750 DO 170 U~J.'e.
2780 170 CA6L FILYLWCFLTR3d40I)
177U 180 RLTUHNf
2760 END0
279i0 SUBROUTINE~ TRAN5PM(V*I#KI)

* ~~2800 Z~~I

2620 COMM0N/ZhI/UC8b3C)/ZA3/P(Z9)
ROJ0 DlmtN31ON 7CIS)
2840 Uzi$ExpCy)-
2650 T(1)a9F(N)

2870 DO 30 J%2#L
2800AIPsuIk:J
2890 bmC1..A)/C1..A)
2900 RSUP(N.1.Jj
2910 TPMUwqS*e -

2930 IFCKl.GT.0) GO To 30
2940 CuT(Jw1)/RS
2950 D8(1..6*C~itl.+*C)

2960 AA2(l1*d*/D
2990 Do 20 Kz(E+2wJ)vk
3000 IF(K 1 GL,I.) GO TO R0
solo W(1.K)al(IpK)*AA
1020 20 (e.klU(e*I)A
)030 30 CUPITINUL
3044 iJCI#N#I)87Lt)
S0s0 OLTUN
3080 END
3070 SUBROVUTINE PILTLfk(fLTMKvL)
3080 INTEGLN L
3090 CopMOP/Zl/tM#N
3100 COP'MO/ZA1/(8,3Q)
3110 DIP'ENSION RPS(31)IFLTNCK)
3120 DO 20'1810"
3130 RL60
314o DO 10 JUIK
Als0 R*FL7NCJJ.*iWbIuJoL)
10 10 tHk
3170 20 NL5CZ)NE *
3180 DO SO Imem.
3190 so UCIoL)UNALSC1
3d0u LtIURN
3010 D
3220 SUORUuTtJYE UNPACI
3930 INTEGIt4 E
3240 COvW'O%1Z11tvMvN/Z3tN3
32150 COMNUN/ZA/d(bb*30)
32.0o N)ON
3970 ZPCMqEQeN) P3*hN
3900 go 60 LSIP43
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RZIIV CUNT 14849344 usiio/6 PILE PA(#L NU,*

3300 $ISO
3310 DU 10 Jile
3320 10 bSb5+3.UjfI)*Ucj#1)
3330 It(63vig.0J GU TO 00
3300 5139gI4(53)
33S0 ZtV(I),GT., SS33

337o 0o 20 JMlzvm
33e0 20 G(JvI)webo*0(jvI)
3390 C..)5*S.C,2
3400 0(,1 *a
3410 IPC1,0,P4)h6O TO 60
3020 0050O Jxl2sh
3430 Su(,~~M1I
3040 DO 30 Ka3gom
3Q50 30 51.wV+(KoJ)*W(A#1)S
3060 312629451
3470 GIJu(,)5*Ce~
1480 DO 40 K812pm
3090 40 UCKvJ)SU(KvJ)#31aU(KpI)
3b00 s0 CONYINOL
1510 60 CONTINUL

*3520 AfTUN
3530 END

3550 INTLGLN L
3560 C0MMON./Z1/LOMI
3570 COIMUN/ZA1/0(65,30)/ZA2/01C32.30)
3580 Do 60 1810N
3590 1221*1
3600 1P(1.bUWrNj GO TO 20
3610 DO 10 JjlioN
3620 to0 G( 10 j 0
3610 20 91(101)SLI
3640 3u14(I,1)'(III)
3650 00 30 J.1,I
3660 s 3 3v53*01(j#W)eIjI)
3070 S3830T(5JJ
3660 1FCu~iI.GT,) 33.5s3
3690 b48u1S5UR7(2.53(53id~ll)J))

3710 DO 0 sle!11
*3720 140 GQl~jm.sa*W(jvJ)

3730 WUI2I)wb3
3740 IFCILG,N) 6.0 TO SU
37'20 Do 70 Ju22O
3760 aU1J.1NI

3770 00 So K211~J*0(a

3790 S1U-90651
3800 00 60 nali.
1610 60 0 ~Ja. ~J.1'10L
3810 70 0 J11uc.)5.ah21
3830 no CUNTINUk
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Nt51Nv CW.jT 1444 05//2i F10 PA(.L NO. b

38460 ETNP

1660 SUINC)UTINt OACe~bLb
3870 IN~t6Ek t

3090 CUM0N#LA1/u(b5,30ILA#( 32,30)/IAb'2I%1Ch)P(i9
3900 DIMLN31CN C(60)
3910C CALCULAT. C1,C26
3920 00 10 Igloo~ 0
3930 10 C(I)*NICI)
3940 00 '*0 ISION3
3950SsCIaCM11
3960 00 20 JvI+1,'
3970 20 Slas1.CCJ)*GCJZ)
3960 S I mo?,*$I
3990 CCI) aU,~UM1Z
4000 00 30 JBI~leM
4010 30 CCJ)BCCJ)+SIOUCJO1)
404t0 '0 CONTINUE
4030C CALCULATE C3pC2,C4.
4040 00 50 Into%
4050 so CI)'00
4060 09 00 Into%
4070 1(.,eCZ
4060 00 O* 0 Jul,1
4090 00 312614cCMJ)a"1cJ,1)
4100 511.2,'S1
4110 C)CI*IQ 'L4
4120 Du 70 Jalo!
4130 70 CCF',J)BCCM#J)ob1O(l CJ,1)
4140 b0 CUNTINUL
4150C CALCULATL GELTA.I'.
4100 00 65 121ON
4170 bi P1(13.0

4190 Pj(N)CC(N.1.0 (..,Nl3P1N),(oCN

44t20 05 to123

4230 DO 90 Psj*1,Nq
424U 90 31851#Gl(%#1,J)OPI(K1
4as0 100 PI(J)S(CCJ)qb1)"I( J.1,J)0

4*27L, EN
'*200 SUe'k0UTIE OUTPUT
02440 INTEGERN k
'*300 0IMtNbIOk b9(10u)#C (l003.382(l00)#Sj(1QQ)
'*310 CUbNU%Z/E4PN/12/D0L6Ae3PAL#ZdZ/1 .Mb.m~bc/z'/I'Z
4320 CU~mUIlA*#k(JI ,M2C1)/ZA3dP(29)/ZAO/5SN(303

4 425 I PtjNPA T ( V
4330 PRINT 100011
4140 100 FURAYA(/I/o ITt.N*TION N,.~1/
4350 PNI%T 20O
41*U d!0 UAyACLAYt" %U,aK,'TI"!CKNL53"f3X,. RLS131IVI1Y"p5x@
4370 G9"T"ILK*RtS, 3x ,MTMLK1R4k/)
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NESINY COt.T 14102144 051201ba FILL PA~t 'dO, 9

8)80 00 80 131.1.1
0390 Jul
8800 D1mPCZ)OPC1+E.1)
44810 O2sPC1)/P(J*Es1)
8820 PRINT 30,JPCZIp(*EleIje~l1i2

8880 40O CONTINUE
450 PRINT SO# [1 P(N)
44880 50 FUNMAT(4XpIZ2.23X,F6,3/1)
8870 UFCIX.Nel.) 6O TU Sb
8800 PRINT 530
0490 53 FORMATC/18Xp,bDXpMOOtL RmOU,3X"PIFLL) I4M"11)
8500 60 TO 75
Osl0 56 XFSPAC
8520 00 80 181,M
85)0 SNCI)BLXPCNI
4580 80 XBX+0I.X - .
4550 PRINT 70
4S60 70 FORMAT(/15X~inSPACLNG*#3Xf*MQOEL RMO',iK,"FILLD RMOM
8570 75 D0 90 IntN
480 PRINT 0*NC1)vHI()vR2(j)
4S90 80 pgpRATC14X.V6,,3XFb,3,3X.Pb,3)
8800 90 CONTINUE

8010 PRINT t10,RMS
620 110 FORMAT(//IOX*,RmS ERROR 'F*/J

46821 PRINTPVLOI INITIAL MODEL OR dES1 FIT AINAL iOOL40
8824 PRZNT, 000 YOU hANT TO PLOT TAIL FIELD DATA YESCI)i N0CZ3'

4682b IPFII.EU92) GO TO 120
4627 CALL PLOT2CbNH2#M)
8821 120 CONTINUE
0830 RETURN
8880 kNO
8850 SUBROUTINE SPLINICAI)
8880 COMON/i~OiDLSPAC
4670 COPMON/ZA8JR(3I)FR2(1l)

8880 DJM1N1ON 0(30),CL30),LLY.40),DLLA6Y 30),MC30) ,H2(h0)
8890 DIMENSION *2(3u).53C30),SS2)1 ),TC31),xc31),y 31)
8700 Napo
8710 READ lp(XtliIUIN3
8720 1 FORMATCV
8730 DU IS0 131,N0
4 780 150 XCI)MALOG(XC2))
4750 READ 1,(YCI2.IU1#NJ
8780 SPACwXCI)
4 770 M2INT((XtM)9SPAC)1DLLX)*I
als0 ABSPAC
8790 DO 300 Is1,"
0000 T(I)ZA
810 300 AiA+DELX0
4 020 EPSLNgt00001

800 DO 51 IE1,NI
8850 "(I)xX(I+I36X(1)
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Nh5ZINV CUNT 14142144 0lbisa0 Fl~ PA6E Noe 10

4460 51 LYI)C(4 .CJM)
4870 DO 52 182,NI

4690 5(Iou.5'mcI.1)maCZ)

4900 0EL5QY(I)mC(kLvCI).DLLYC~u1 3)/MZCZ)

4a SiC(I)s3.'OLLSCIY(Z)
4930 S()0
4940 2tu0
49s0 OME6AUI,G7798
4960 5 laCos
4970 00 10 Z18201

4990 P(AOS(w.)WIA) 10P10g9
5000 9 ETANA5R)
s0le 10 52(1*82(1i.W
5020 lFCLTAwtPaLN)I4vS55-
5030 14 D0 53 lalphl
5040 53 53(I)mclacI*I)eaI(Z)0pMCIi
5050 DO 81 Jjlt
50.0 101
5070 IFt(J3.XCI3356,1?*SS
S000 55 IFCT(J)nX(N)) S7,59,58
5090 S6 JVCT(J)egCI3) 80,17,57

silo 90 TO 56
5120 be PRITER0.4) J
5130 44 FONMATCI3r"TH ARGUMENT OUT OF RANGLN)
5140 6O YU 61
S150 59 lutI
5160 60 131.1

5180 HT2sTCJ)9X(1#1)
5190 PRguaHT~eIhT2
5100 532CJ~a32(I),#4rlaS3(I)
5210 btLS65uCb2c1,532(141.*S~(J))Ib
5i20 Rd(.J)uYC)*tlTIOEjLYC1).P4IJ)aO&LS65
Sge3Q 61 CONTINUE.
5l24O RETURN
Sabo END

dlo

S 6 60 0 0 0 9 S 0



APPENDIX D: RESDAT LISTING

*RESDAT 148401 1 05/20/82 FILt PAhkt NLI. I

10*8 RUN *INObUI/PLT.CINO~umbs4.#IdlSNYs,t
*20 cmAkAcTLR*71 PUS
* 30 DIMkION XCIOD) ,R(Ck(100)OO ASPC IOU) ,NAbUMC 100)

40 DIMENSION cP(10O05100),HIF.V(100)
so RLAL LLL(100)
60 PRNT 100
70 100 FRATCeINPUT SURVEY TYPE..). WENkLh PRUFILING12o SCMLUMbLR6Lk
so 4 PmOFILING, 3s xENNtM SOUNDIN61 %a 5CHLUlbER6Ek SOUNDIN6iU
90 &So POLte DIPOLE)
100 READ 110.1
110 110 FORMAT (V)
120 G0 TO (1O0,2000*30O.4000#bC003,I
hSOC 1000 WENNER PROFILING SURVLY
140 1000 PRINT 1I0
150 120 FRAT('AnSPACN(in;NURSER UP POINTS80)
160 READ 110,A~h
110 PRINT 130
100 130 FURmATCINPUT PROFILE. COOROINATE#RL513TANwCL PAIKS..X1,RI#X20N2s,qf,)
190 RLAD 11OCXI)OR( 1Imh)
200 PRINT 140'
210 140 FURMAT(IS FACTOR 2PI INCLUDLD IN Ht$5TANCL DATA YL5(1)#NUt2)0)
220 RtADIIO#IPI

*aso IFZIPI.EG.1)FsI.0
200 IFCIPI.IQ.2)Fs6,28319
a 25 DO 150 Iu1,N
240 150 MAcI)UF*R(I).A

*270 PRINT 160,A
260 160 FORMATC'UINR PkOFI6EwvAm*,FO.1I/)
290 PRINT 170

*300 170 FURMA72OX0X,1lOX#*kMO")
310 PRINT 10C()I~C)I1N
390 180 FOpmATCISXvFIU,4vFIO,U)
330 CALL PLV'T2(XpHAN3
340 PRINT 190
3b0 190 FUR"AW(ANOTHEN PROFILL YEb(1) Noci)")

*340 HLAD 110#11
*370 IFCII.L0.1)GOTUlQO

300 1Il.ECt6,d)UTUb00
190C 2000 SCmLUmHER6EN PROF~ILING SURVLY
400 2000 PRINT 100
410 900 FOMMAT(5.8SPACINiagL3PACININUMBER UP PUINISZ N)
420 RL*D 110#SS.LLN

*430 PRINT 130
440 READ11,X),C)IN

4so PRINT 140
*440 READ 110t IP!

470 ZFCIPI.LggI3Fso.5
460 IFtIPI$ELqa)FUs.10159 0.
490 DO 210 IUIN
SO0 d10 RA(Z)xF*R(13055*CCLLlSS)*2*9 0,25)
510 PRINT 220,SLL
Si0 220 FDNMATC*SC#ILUNUERGLM IgIR-se.I,5"P*U

*530 PRINT 170
540 PRINT 160,CM(1)vRACI),IxlN)

550 CALL PLOT2(K#NAv%)

Dl



RESOAT CONT 116'.oa 1 05/20/8? FILLE PAIJL NO, 2

500 PRINT 190
570 46LAD 110#11
Sao IFCIIetw1)UU 2000
S90 IFcIIeL.s.23COTU 6000
600C 3000 wNLNL SOUNDIN6 SURvLY
010 3000 PRINT 230
620 230 FORMATCOINPUT SOUNDING LOCA710N INFORmATIDNLP 70 71 LMARACMTLA50)
630 READ 24400 PUS
6460 2440 PORMATCA72)
650 PR4INT 260
660 260 FORMAT('INPUT NUMOLK Of DATA POINTS")
070 READ 110#N6
60 PRINT 270
690 270 FURMAT("INPUT AsSFACINQ#RESISTANLE PAIIb6-AI,N1,A2,H2, * .")
700 READ 10CSC)RI,3,6
710 PRINT 1440
720 READ l10,IPI

7Too IF(IPI,1fi.2)F86,283I9
750 DO 280 la~oN
700 260 RACZ)t P*A5P(1)*RCZ)
770 PRINT 2900 PUS
780 290 FURMAT(OPENNEH SOUNDINGf//AUi//l
790 PRINT 300
800 300 FUNrAT(bX*A#SXvwHMO
810 PR9IN.T 310,CASPUI),AC1),1a1.N)
0120 311 lURATl10X,10.44,F106)
630 PRIpNT,#DU YOU WANT LINEARCTYPL 1) OR LOGqLUI(TYPL 2) PLUTSO

*0460 READ 1.10#111
050 IFCIII.Eg.Z) GO TO 313
00 CALL PLOT2(A$P*RA#N)
670 6O TO 315
800 313 CALL P6OTL6(ASPRApN)
090 J15 PRINT,P0O YOU mANT A CUMULATIVE SUm P'LOT VLSdI),NO(2)0
900 READ 110p KK
910 1FCKK.E492) 6O TO 319

*920 RASIjMCI)XRAC1)
930 DO'317 1820N
9'40 RAbUm(I)8HASUMCIwI)+RA(I)
9b0 I17 CONTINUE

* 900 PRINT 318pRAbUM(N)
970 318 FORPAT(OMAXt CUMULATIVE RLSISTIVITY VALUL f *,F882)
960 PRIKT.'PLOT LUMULATIVE RL31STIVITY Vb. A.sPALING DATA'
990 CALL PLOT2(ASP,RAUUM,N)
1000 PkINT*'DO YOU WANT AN INVERbt RESISTIVITY PLCT YES(1)#NU(2)'
1010 READ 110,KKK
1020 IFcKIK.LtQ.2) 6O TO' 319
1030 Do 32% 131,46
10460 325 RIV1u.C*()
l050 PRINT 310 HINV(N)
1000 310 FURMAT(/IPMAX, VALUE Of IhVtRSE OL31STIVITY 9 FObi
1070 CALL PLOTa(A3P#HINVpN)
1080 319 PRINT 320
1090 320 FOUMAT(0O YOU "IBM TO INTERPRET DATA YtS(S), 460(2)")
1100 READ I108 JJ

D2
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RISOAT CONT 141404 1 Obllb/02 FILE PAGE NOU, I

1110 IF(JJEG.2) GO TO bugo
31120 1N0.uE
1110 5PAnASP(1)
1140 INOX20
I 150 CALL RtS1NV$(A3P#WNA,INL)LSPA, INVX)
1160 PRINT 330
1170 3110 FORMATC(ANOTHER SOUNDING YESM&) NU(2)')
1160 READ 11OJJ
1190 ZFCJJ.EW.1) GO TO £000
1100 IPCJJ.LQ*2) 6U TO 6000
laIoc 4000 8C14LUMBEHGER SOUNDING
1110 41000 PRINT k30
1210 4LAD ld601P0S
1200 PRINT 100
1110 READ 110, IPI
1260 IpCIpI.IQ.1) Foo's
1270 IFCIPIA&W.ZI FaS.10159
1U80 4010 PR~INT 4000
1290 4020 FORMATVINPUT NO, OF DATA POINTS')
1300 READ 110# N
1310 PRINT 4030
IlD 4030 FORMAT('INPUT SSSPACING, LSPACING# RESISTANCE OATAO)
1330 READ 11,S()L()R(j 11N)

1350 41040 RACI)nF*RCI~aS(I)aC(LCI),#SCI))*.1 a * .b
1360 PRINT 4045e P05
1370 04S FORMATUWS'UMUMBERGEN 30UNQING-/jA?2//)
1180 PRINT 0050
1390 4050 FORMAT (2OX, 30S',XON,'L 1XWRM0St
1000 PRINT 0Ub00,S(I)pL(I)sNACI), 1010N3
1410 4060 FUAMATL1OXi,.1.xePbo.1,0xup 10)

1020 PRINTO0 YOU WANT TO PLOT APPARENT RESISTIV~ITY VS, LPSPACINGf
1030 PRINTifLINARTYP1 1) OR LOGwLOGC1YPt W)
1440 READ 110p NNN
1460 CALL PLUT2CLVRA#N)
1070 GO TO 407
1460 4005 CALL PLUTLL(LpNA#N)
1090 407 PNINTPDO YOU WANT TO INTERPRET DATA YksC1)#KOcal ---.
1500 & IF SUP ONLY ONE SOVALUL SHOULD bt IN DATA UR TMLNE SHOULD
1510 & BE NO JUMPS IN THE SOUNDING LUWVL'
1510 READ Ito* III
1530 IFcZII.,EfJ1) 6.0 TO '40b0
1500 070 PRINT, *DO YOU PANT TO INPUT DATA FOR ANOTHER SOUNDINf-'
1550 READ Il10JJJ
11500 IFCJJJEG.I) GO TV 4000
1570 G~O TO 6000
1560 4080 CONTINUt
1590 INOtaI
logo0 SPA2L(I)
1010 INOxU
164!0 CALL HE5INV3(LoRA#N, LNQLSPA, INOX)
1030 GO0 TO 0070
1600 5000 CONTINUE
1650C PULL"DZPOLE SURVEY

D3



Ra.SOAT CONT 141401 1 obleb/ad FILE PAGE NO* do

4 1660 PRINT 5010
100O 5010 IORM4AWlPULt*UIPULE CUi4RLNI 5A11ONNOU1Lk ILNLT1UN INFU.~PAl1uk
1660 a.Up To 72 CHANACTER50')
1690 READ 240t PUS
1700 PRINT 140

*1710 WLAD 11OZPI
*1720 ZF(IPI.Lul1) fuI.0

1710 ZF(IPIEQ$Z) u,01
1740 PRINT 5020

1705020 FORMAT(PZNPUT POTkNTIAL LLECTRODE SPACING AND NUm'6LN OF
1700 A. DATA VLLO

1760 PRINY.'INPUTWSUISTAN~t TO FIRST POTENTIAL kLECTRODE, NE51STANLE
1790 6 PAIRS,
1600 READ 10,CCP(Z1,R(Z3,ZalNJ
1610 PRINTe'PoLESDiPoLE bURVEY'
1820 PAINT S025, PUS
1630 5025 FORMATCI/A72/,#)
1640 PRINT 5017
1650 1027 FONMATC1EIECIPIC1P2',10X,*Rt4#//)
1660 DO SOS0 IajN
1670 RA(I)u(F*CPCI)OCCP(I3.PP)IPP)aRCI)
1660 PRINT 5060, CPCI),CP(I)*PP.NA(I)
1690 5030 CONTINUE

*1900 S040 FORMAT(10X,F*.,Fb1,SX,F1O0M)
1910 PRINT# OPLOT APPARENT RESISTIVITY VtRSU4 X-%X AT MIZDPOINTS
1920 I. OF PPPLOCATIONSP

*1930 DO S0S0 Iloh
1940 S0S0 E(I)aCPCI)+Pp/a
1950 CALL PLOT2(XNA#N)
1960 PHINTo"DO YOU WANT TO INPUT ANOTMEN UATA SET"

*1970 READ 110,11
1980 ZU(IIqEwqI GO To O 500
1990 60I.U.)G TO 6000
Z000 6000 CONTINUE
it010 STOP
2020 END

D40



APPENDIX E: TIDES LISTIAG

TI0ES 1'lslsao osiueia PIL PAUL. NCO I

500 RU.N *lRO3D4BMIPLCTS,&
I0C TMIS PROGNAm COOPUTLS Tmk TMEOREYI(,AL 6RAVITY TIDE FOw ANY PIjNT
29C ON Y'eL SLRPACL UF A 441610 LAI4T" AS A FloNCTIUN CF TImE.
30C A COMPLIANCE FACTOR OF 1,10b "AS tLN Z?.CLUUt.U.
40C INPUT DATA ARE IN FREE PILLD F0IAT,*6
bOC INPkUT DATA IGLNTIFIEO UY COMMNrTS JUST P~jm %b HtAD STATtr~tS,

65 ChAACTE4 .8EINPUY(33
IQ 0111kSIu'. DAYPm(IZ),G(SOQO)
72 REAL KMT(5000)
75 OATA XIP1UT(I ),XINPUT(3)jImj. I#m/
so DOuUBLE PIRLCISION CDEGTRC INtMC5ECTRPIdoSC1,pc1,NCJ VANC1,sgoPNg
90 AUN

1to &APRj4CAPRINI DDISTLS,DISTEMOAY51.OASZUAY63,DAySMUAY~b,DA.S8 5

Ito CDLGTR8I1.7'5129db199m3Ovl
130 CMINTRmZ.908A@ZQ6b800.0

10 CSECTR84M.81166110.b
ISO DATA C.C I ,E3.eOoolDIO10495013. ,05d19/
160 DATA AMUADDONASUN/bfg87357L~bl,99qL3j/
170 DATA ,1lE3I85Gu.,.OO.,~b..
too RATIOs.074804
190 UMGAs13'65i*CDkGTw
20O SMALLA66,37697L8
240 PlZwo,2831BS3072DO

260 PC18392515,940c,
170 "CI1l9002765,I3OU
250 ANCIui6SI9II,u3Uv
313C INPUT NAPE, OF (0PUT JATA FILE
325 CALL ATTALMg.4.X%PUT#5#,C,)
Sta bu fDRIPAT (V)
328C INPUT NUmbER Of 71DE DAIA SLTYUNCLMP) ANU T11". INRNTm4
330 READ 10* NCt',;MPM
3ou DO 4a00 JJv..NCOmII
350 PRINT $Gt JJ
3530 INPUT LATITUDE IN UL6WtL5(SLAYO) AND DECIMAL AINUTLS(SLAT"J AND
354C0 31MILARLY FOR LUNG'7UDt(5LONOD,3LUN6pM). INPUT ELEVAIION IN
355C WLTERSCSLLEV2, INaUT CATE IN MUNP4DATLOI, DAYCOATEC, ANU
3570 YEAR(DATEY), IPur bTARTIN. T1vk IN I.UKTIMLm) AND PINUlLCTIKLM)
)b6C GktEhal.Cm TIPE,
36UJ IEAC 20v SL*7OSLAT-# 5NGOSLONG~.SLLEVUATEM,(OAT,~UA7EYIZlmt
370 #1t
375C INP1UT TCTAL NU-dtR V' TI-t ICREVEKT5 70 bL LALLULATtOCN7VTAL)
378C IMUS IME TOTAL L1N67H~ CF TIDAL Rt.LL4D TO bt CALCULATEURPIM X NTUT&L
380 REAC 10s %TOTAL
385 PRITE (4*5) NTUTAL
3440 0(1800 KUINTQYAL
400 IPFgKN.L4..) GO0 IC 75

420 DAYSSUmINulEKK)(dM..b0.)
0)0 Go 70 350
£440 ?5 DAY32NU,
~450 ALAI8DU5LATOOCDEGTI#56SY*TPCPINTR

El



*TIDES COKT 14i2dozo 05/ib/e P1ILE PAGE N(J. o

40 ALOGU5LONGO.5LUN(,M/bU,
470 ELEV85tLEVO100.
460 MUNTHUOATEM
490 IDAiVxDATtD
So0 IYEANUUATLY
510 INULRaTImEM

* 520 MINUTECK)UT1MEm
53UC CALCULATE 7 (NUMBLN OF JULIAN CENTURIES)
So0 DATA DAYPM/31 .,28. 31 30* 31,3ltu. .31 ..ii * 30* 31 .iiu. 31,
550 DO 100 121,12

* 560 JSU,'UNTMwI
570 IFCJb.IG,0) GO TO 150

*580 100 OA*32mOAYV81*OAYPMCI3
590 150 DAYS3UIDAYet

* 00 DAYS481HOUJ5/4,
* 010 DAY352MINUTECKK)iLd4.ao083

020 DAYUSZnYtAN0365o
630 NYEAR4UIYEAR14
640 6jnIYLARj'0..NY&.A
650 IF(SJ.iT.70) 6O To 20O
b60 UiFCONTt-Z) 300#300#200
670 200 DAV6ONYLAR
680 GO TO 350
690 300 DAY6ouNYEARPI,
700 350 CONTINUE

4 710 5T0N3DAYS1,DAY52,O)AY33.DAYSM.UA'1S5+DAYS6..o 0
720 TwSTOR/36Sibs
730 5c270.0aCDtAUTN.ile.U*CMZNTW,14,72UUaCSLCTHeC C,000800'L.SLCTH'T*
740 O9,0q00.CSLCTM)*T,1Soa00aP12.SC 1*C8ECTWi~ T
750 I0'33MU*CEGTN19.OU.CMZNTk,00.670U*LSLCTN,C Cw. 4500 LbLCIR.'T
760 A.37*.M0.CSECTR)*7.1 16 00*PI2.PCI.CStCTN)*T
770 Nul79gO0*CDL~iTR*M1,O*CMNTI.M8,0MO0.CbkCTRq(1*089D0*CSLCTNI
780 SMCI*CSLCTN)*T
790 ANu259,00OCDEGTk410.O0tCIZNTN457. 11D0.CSLC1R*( (,00800eC.SLCTR'T+
boo &7*SSDOOCSECTN)*T.S.DU*Pl.ANC1 .CSLCTiw)*T
810 I1U2e1.D0*CUtGTk,13.00*CPINTN415.00*CSLCTk.C C01iUO0CSLCTR'T+
010 61 .3D0*CbkCTR)*T~b189.0300.C3LCT0)OT
030 ElstI 1*Ct 12E13'T )a7
Sa0 ANbI1l .i(l *4,00a7S8e(SIN(ALAMb03a*i))
650 CAPC2SGRTCAkGl3
ab0 HADbU83CAPC*SPMALLA+LLtV
870 APN!Mtw1 ..'C*(,C1 .- *l))

090 3MINpabop

900 Sa~puswje*Hp
910 3IMbl
920 MMIt.PIRM.pi
93u SmIKP2s2.*SMINiP
9440 SMINH4829*S'M1NH

4 9b0 OISTLMU1 ./C*APNIME*tL*UC0S (SMINI') APIRIML* CL**2)aUC.QSCSMINP1)
900 &,1'APML.NATIU.L*DCUSC52MP)/8, ,APNIML* (RATIO*a2)eUC0S (SMINtil)
970 D13TESZl./C1+APNImlatl*U)COs('r1Np1)
960 TZtUIMOU4d.MINUTt(KK)/b0,
990 5mALL~a(15.eCTLRUe12, ).ALON(i)*CD,(TM
1000 CM1IU5MALL7,9"

E2



TIOLS MY1MI20Iao uo/ba6 PILE PAbt NU, A

1010 AL5UN8M+q4*2.1OSNC0I.MNF1)
10odi AWG965,145*C~tGTk
1030 ANG3SC05CUmEGA)*CU5(ANI~i).SIN(Um -c,a)*bIN(ARG2) e0CCA)
10'60 AI.ARCOSCAN63)
1050 AIHGQ8SZNC*RG2)*DbIN(AN)/SIN(AI)
1000 ANLOARSINCAG4)
1070 CH185MALLT+HoANU
10a0 5ALPNAUblN(0LtA)*SNNh)'51N(Al)
1090 CALPMAUDCOS(AN)aL0S CANLJ)*DSINCAN 3 .1tN(ANJ*CCS(GMLGA)
1100 CALP04181+CALPHA
1110 ALPM4A82*ATANZ(SALP4AvCALP~1)
11,20 X~wANwALPM4A
1130 3ZGMASSOXA

1150 I,15,ORA1 IOaE.DSINCS2?MPI/Ua*1 1*(HAUU*.d)aDSINCSMINM2)/d.
1100 ARGSBCOMEGA/2,)
1170 ANG6UAL5UNsCHq11
1160 ANGISALSUN+C4ll
1190 CP421CL~U*IC EA*SNA5N+UCAAb)(C$A6)*
1200 IaDC0SCARG0)*tSIN(AR(,53a*l).0CUS(ARG7)))
l910 AI406UCAI/Z,3
12120 ANG98ALMOONOCHI
12)0 ARGIONALMOON+CH1
12dl0 CTmETA85NCALAmJD*SINA)*NALM0U N+CUS(ALAPb0).C (CU$(A#"G63.a2
1250 &)*OCUSCAMG9), (SIN(ARG8)..2).UC05 CARbiUo)
1200 GMUAMU*AMMUJNiaADIUSOC3.a CCT9tk.Aaa231, )aCDISTEp..33+3a(AMU'AO'UGN
1270 &*CRADIUS*a2)*(b.*CCTML7A.,3)03,aCTMLTAj J*CU1STLM**4i'd.
1200 GM.Gma1000,
1?90 G3.aAMUeAMbUN*NADIU$.(3,*(CPM1..2).1 30(OISTLS.*3)*1000,
1300 GZENOE6M+(3
1305 G(KK)SGZLRU*10*
1506 MuM41
1310 600 WRITECU,903 M,#0INUTLC(KK3GCKK)
1320 PR41N165p SLATU*SLATM*SLONGUeSL(JNGM vOAtL0',OATEUFVATLY, TZ~mE 0
1330 STIMLM
1340 PRINT 70# (G(LL3, LL81pNT0TAL)
1345 CALL PLGT2CMINUTt,(6,NTOTAL)
1350 4~00 COKTINU.
1355 5 FCJRMATCI1i)
1300 10 FORMATM~
1370 20 FORMAT(V)
1160 50 FORMATC3FI5S)
1400 65 FUNmAT(2XF&,0,F5.2.FMu.F525.3,0J
14u0 70 FUMNMAT ('0', l2F*.1,/12P0.1
1o1s 90 FURMATCI3#IS#FjS,3)
1420 STOP

E3
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APPENDIX F: TALGRAD LISTING

TAL40RAD 143405; 1 05/20/82 PILt PArik NO, a

3C DIMENION POLYGONACOSS3CT) MO

1200 XXC00M)~X(10MW13 (20#DL1X9
* 10 DIMENSIO GNPUL m~iQ#A(z

940 READ lot KtDLX#LZA
to0 30 FOHMATCV)

130 PRINT "0POY

100 READ 30#NPL
190 30 P0HMATCV)
200 PICNTeJ1 Cu40b

Roo IFCNN eG.2l) C6l393'E.

Ra0 00'70 1161#10
O230 00 60 N6210200

240 60 GTT(tING)80.0
250 70 CONTINUt
260 H"Mmol,
a70 go 1000 1181f10
Ro0 00 195 601#NPOLY
253 PRINT 73#1.
28S 73 F0RMATC'PULYGONww.,12/3

ao PRINT; *DLH0,#N"
300 READ Out DELRON
310 so F01HMAT(V)
320 PRIN7*#"Xlpi1,,,.qNZN
330 READ 10,CXX(M~vZ(mI, HUIN2

* 340 100 FOHMAT(V)
350 IF(IGTj1) 60 7O 1405
360 PRINT 110
370 110 FORMAT(/l2SX#.STATION3 POLY6, 610E5 UkNSIYY*/)
380 PRINT 120#K#N fOLLRU
390 120 FURMAT(130pIj0vF2Q.b/1)
400 PRINT 130
4010 130 PIJMAT(21X#64VEHTEX,7x,1ZMDISTANCE p9X#QHUEPTM
4020 -PRINT t400,CMpXXX(M),Z(M)pMwtNI
4030 140 FURMATCI25~FoM00)
4040 145 ?ONGN41
450 KX(NNJUXXC13
40*0 ZCNN)UzCI)
4070 150 00 160 NGB1IP00
4080 160 GTCCII#NG)0U,0
4090 DO Jq0 N(.U1,I
Soo DU 170 Is1.NN
s10 XCIaXXX(I)s9X(N~m)
!)d0 170 CONTINUL

Fl



Y ALI.OAD CUN 1411 1 0oable PILE PA1IE ri. a

530 DO 280 JalvN
S460 JJS.j,1
550 WJsX(Jez*ZcZJ)#.ercxz .
Soo6 R(jj)uxCjj)*.a2.(jj)#m(11))*ma
S70 ACJ)@X(jj)*XCJ)

S90 0(J)gZ(J).2(JJ)ttl)XJ*CJ+"1)

*600 UCJ)nACJ)**2 # BCJJ.**
*610 V(J)wQ.5*ALOG(I(JJ2/mCJ))

620 TCJ)uX(J)aECJJ),CZCJJ*H(11) )*(ZCJJ).mCIl))
630 IF(5(J)) 1800,50,200
6460 160 IF(Y(J)) 190*1?30,220
6b0 190 m(Joo3*14611927 + AYAN(3CJ)/7(Jj)
660 91) Tc 260
670 200 IF(T(J)) 210s240#220o
600 210 w(J).31461527 + AIAN(5(JfllTU))
690 G0 TC 2oo
700 220 m(J)mATAN(S(Jj#T(J)j
710 Go3 To 260
720 230 wCJ)sq1.57o796
730 GO TC 260
740 200 o(j)su1,57o?96

*750 Go To 260
760 250o w(J)200

*770 a60 9G(J)U(5(J)tUCJ))*(S(J)0V(J).AUJ)UO(J))
780 270 GPAXC.DLLMO.GU(J)0
790 GTC(II#NG)(;TC (LI,NG)+*GPA
0 00 26 CONTINUE
010 977 CIZNG)sGTT C1I.Nfi).GTCCIING)
020 G(NG)xG77CXIN6J
630 290 CONqTINUE

*040 29S CONTINUE
050 PRINT 300, H(II)
060 300 FURmAT(fOG YOU mANI T(3 PRNT 6Z fOR ' @, .YL( Ud)0
070 RLAO 30.14w
b80 1U'mpLIW02) 6O TO 305
090 PR1NI 310, H(R!)
900 310 FURMAT(,''e.-.-LLLVATZUJN U ,1,,"--#/
910 PRINT 320
920 320 FURMA(11A'STATIUN'I,KX'.10*,GZ cx) P//)

930 DO 1500 N6,K#
9460 1100 PRINiT 330,N6iXXCNli)#bTTCZINh6
9b0 330 FONMAT C 1XIi,0XFlOob,5xP1 0OS)
9.0 305 CUNTINUL
961 PNIjNTv *00 YOU OANI PLOT6 OF 6AV17Y PMOFILtS..Yt5CI)@ NiuCl) 3

902 RtAD 10, PN
9*3 IPCN,d) GO TO J33
970 PRINT 331,14(11)
900 331 FUNM*TC'PLOT GRAVITY PROFILE FGH Wetala*/)
990 CALL PLDTICXXCiK)
1000 335 IFCMCIII.Gt,Z$4AX) 60 TO 30
1010 4I*3M1)PZ
1020 1000 CONTINUE
1030 3460 PRINT 350
10460 I50 PONweATC'DU YOU *ANTi TO CALCiULATt, GHAVIVY 6RAOILNTS

F2



TALGRA0 COOT 148451 1 05/20/82 FILt PAGE NO, 3

ioso &TYPE I FOR 'EvLS 2 FOR NOO)
1060 READ 360p NQWAL)
1070 360 FDNPATCV)
1080 IF(kGNADEU,4) GU TO 5000
1090 365 PRINT 370
1100 170 FORPATC'INFUT DESIRED INCREME'~NT VALUES FOR MOMIZONTAL ANU01
1110 &*VERTICAL GRMADIENT VALUES, UtLX AND OLLLZ, IN INCREMENTSPI
1120 GO0P OELX AND OLLZ.'.')
1130 READ 360p DLLXX# Obl.ZZ
1140 380 FgNmAT~y)
1150 IXEDLXX/DELX
1100 IF COLLZ.LrJ.0,0) 60 TO 505
1170 IZUmiLLZDtL.Z
1180 DO 2500 NGEIfN
1190 Z500 OLLGTZ(NG)a(GTT(1,NG).G7T(ILI.NG))/DL~iI
1200 PRINT 390*OLLZZ
1210 390 FORMAT(t...-ekLYAOZ 9 '%F~ob//15X,'STATIUN',1CX#,%Lt,/U)
1220 00 800*NGul.K -
1,130 400 PRINT 500fNGvXX(NG)#OELGTZ(h6)
1280 500 F0~m'ATC17XtlS,8XF 10.e.5XF10.b)
1250 PRINT 509
1260 502 POR0ATC'PLOT VERTICAL GRADIENT PROFILE5')
1170 CALL PLQTZCXXOkL~tZ#K)
1260 505 PRINT b10
1290 510 FORmiATVfINPUT VALUE OF M FOR %MICH TIHE HURIZONTAL GRADILNTO/

*1300 &*IS DESIRED IN INCREMENT OF DLLZ')
1310 READ sa0,mz
1320 b20 F0RP'ATCVJ
1330 NZaPZ/DELZ
1140 NF(EZ,0o0ONH8Io,)'u
Iss0 00- 3000 NgslpKaIX
1160 DLLGTXCN)2CGTTCNZIXN)GT(NiNU))#ULX
1.570 IF(IX#NG+1.GT$K) 6U TO S3Cj
1300 3000 CONTINUE
1390 530 PRINT %4&0,DLLXX
1800 S40 FORPATC'....sDtLTAoX a @,FIO,b//lbX,'STA1UUNv,10xp

1820 Do 550 NGm1,N
1430 PRINT b600NGvIX+NGpDELU7XCNG)
1480 XMG(NG)s(XX(IX#NG)#XX(NGJJ/2s
1850 IF(IX#NG#1.GT,K) GO TO 551
1400 550 CONTINUE
1470 551 PRINT 553
1460 5S3 FINHPATCIPLOT MONIZON7AL URAOILNT PNOPILLO-PLOTTEO AT IIDPOINIS91
1490 *#90F DELXX INTENVALSP)

*1500 KKNKolk
1510 LALL ILUT2CXMGDELGTENK)
1520 560 FONMAT(15XI3,. .1l3,0X,9 10.0.5xF 1Ub3
1530 PRINT 502i
1580 S62 FOkMATCODU YUU RANT GWADILN7 t-PACL AND 59a OF MODULUS Of ANA6YTICO/
1550 &pfbl6NAL PLOTS ***IF 3U# IX PUU57 LUUAL k'.. YtbC1), NQC2)3 S
1500 READ 560p MMM
1570 IF(pmM.LU2) GO TU b70

1%90 OLL67ZPC1)sDLLGTZC(I)

F3



TALGRAD COgNT 148101 1 051iolbi fILL PAGL NU, 4I

1600 ZFCIlok.Q@K.I) GO To SOT -

1610 56b CoNTINUt
1620 507 CONTINUE
16)0 D0 sbS 15I.KK
16410 568 Al(J)8 DLLGTX(I)**2 * DtLGTZPCI)**Z
1obo CALL PLOT2COELrTZP#DLLGTX#KK)
1600 CALL PLCT2(ANGoA3#KK)
1670 570 CONTINUE
1600 PRN~T #'DO VOU PANT TU RECALCULATE GWHAULNTS FOR1 UTMtN VALUE* OP S
1090 PlaINt, RDELXX AND DELZI YESMI, moce),
1700 READ 5800 NNN
1710 560 FORPATCV)
1720 IFCNNN;EQ.1) 60 To 36S
1730 5000 CONTINUE
1740 STOP
1750 END

F40



APPENDIX G: HILBERT LISTING

HILBERT 14#4671 5 05/dolSl P L PAUL NO, I

1004 RUN *,R050U441/pLOTSOt.
20 DIMENSION T(I00),gc100),RclgoJ
30 DII~tk5lUh A(IO0)
40 RLAD l0,NvOLLR
4b5 XCI)S.5'OLLX
so DO ? 1.8,4%
60 7 X(VmMX(Ie1) * DtLX
70 READ 10, (T(I)* Isj#N)
90 10 FORMATCV)
to0 00 20 I8ION
110 CALL MILdNT(TaNN.A)
110 a0 CONTINUE
130 PRINT 25
1440 25 OMTOXU%11G,%l.'ZZ1 ,AW
ISO PRINT 30, CX(I),T(Z).MCI),ACI),IUIN)
100 30 FO.MATCSX,FiO.8,F15S.P'IS.8,FI15.U
110 PRINT# '0O YOU WANT GRADIENT PROFILkS YtS(I)v NO(2)w
160 READ 10, MR
190 IF(MM.E9,2) GO TO 33
800 CALL PLOT2(XtM#N)
210 CALL PLOT2(X#T*N)
810 33 PRINT, '00 YOU WANT A GRADIENT SPACE PLOT YESCI)s NOM"'
830 - READ 10, NN
840 IFCNN.EU,2) 90 To 3S
250 CALL PLOT2(M#T*N)
8.0 35 PRINT, "DO YOU %ANT A PLOT OF TME MIQOULU5 OF THL ANALYTIC
270 16 SIGNAL YLS(1)o NOC1)
280 READ 10# LL
890 IFILLILU.8) GO TO GO
895 CALL PLOTZCN,i,N)
300 40 STOP
310 END4
S10 SUBROUTIp.L ILb4TCTtNpf~s8)
330 DIMENSION Td1)pM(I),AC1)
3'40 DU 5 ut
350 S TCN,8uI)uT(N~llI)
360 1(1)z0
370 I(N.2)50
3440 DU 40 1210N
390 MCI)30
400 Jul
410 10 IPJL40N. J YO T2 0

440 UO To 10
450 ig Jul

* 400 30 IFCJ@EU.I) GO TO 440

400 JuJ.1
690 GO To so
500 40 NIaI,315S

*Si DO 0 4S5 Isle%
Sa0 T(Z)&T(I41)
530 45 A(IouTCIed *m(mesa
Sa0 RETURNIS

MILIEU? CON? 1434478 5 wailo'0j 1 6LE PAGEt NO, 8

S50 EN
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APPENDIX H: SEISDIG, SEISPLOT,

REFINT, AND DOMER LISTINGS

LIS SEISDIG I
19 INIT29 REM$**$*t*$$ ***$$$$$$$$$$$$$$$$$$$**$$$$$$$*$*$$t*2$$$$$ $$$

30 REM*S$ THIS PROGRAM IS DESIGNED TO REDUCE SEISMIC REFRACTION $*$- -
49 REM*** OSCILLOGRAPH RECORDSt AND WRITE THE RESULTING TIME- $s$$$
50 REM*** DISTANCE INFORMATION TO A MAGNETIC TAPE $$*$69 REMIS**t*S¢*SStSSS S*S **SSSSSS2SSSS$*Z$**S**ZS *SS*S$S *SUS

100 PAGE
110 PRINT 'INPUT FROM THE KEYBOARD IDENTIFICATION OF DATA'
120 PRINT "THIS INFORMATION MUST BE 72 CHARACTERS OR LESS"
130 INPUT XS
149 DIM G(24)oT(24)
159 PRINT 'INPUT COORDINATE OF SHOTHOLE IN FEET.'
160 INPUT SI
179 PRINT *INPUT DISTANCE FROM SHOTHOLE TO GEOPHONE NEAREST IT.'
189 PRINT 'NOTE--USE NEGATIVE # IF MOVING FROM HIGH FOOTAGE TO
199 PRINT "LOW FOOTAGE.'
200 INPUT G(1)
210 PRINT "KEY IN THE SHOTHOLE DEPTH"
228 INPUT D2
230 G(1)=G(I)+S1 !
249 PRINT "INPUT THE SPACING BETWEEN GEOPHONES--USE NEGATIVE VALUE'
250 PRINT *IF MOVING FROM HIGH FOOTAGE TO LOW FOOTAGE."
260 INPUT S279 REM*$$$$$$$$$$$$$$$$$$$$$$$*$$$$$$*$$$$$$*$$$$$$$$$S*$$$***$$$$*s**

280 REM***** INITIALIZE OSCILLOGRAPH RECORD $$$$$$$$$$$$$$$S$$$$299 REMtS***S***t*$S2**$$$SSSSSSSS$$SS$$SS3t$SSSSSS*32*23: US$$$
3809 PRINT 'DIGITIZE THE TIMING LINE JUST PRECEDING THE TIME BREAK"
319 INPUT 09:TI,DoDI
329 PRINT 'G'
330 PRINT 'DIGITIZE THE TIMING LINE OCCURING 29 msec LATER'
340 INPUT *8:T2oDpDI
350 PRINT "G"
366 T3s299/(T2-TI)
376 PRINT 'DIGITIZE THE TIME BREAK'

380 INPUT 69:T99DD$
390 PRINT "6" SEISDIG 2
40 PAGE
419 PRINT "DIGITIZE THE FIRST ARRIVALS OFF OSCILLOGRAPH RECORD'
420 PRINT ' 1. PRESS WHITE BUTTON NORMALLY.'
430 PRINT ' 2. PRESS BUTTON 0I IF A TRACE IS SKIPPED'
440 PRINT ' 3. PRESS BUTTON #2 TO REDIGITZE THE PRECEDING POINT'
450 PRINT ' 4. PRESS BUTTON #3 TO DIGITIZE LAST POINT'
460 H-1
470 PRINT @32,26:2
489 PRINT 'DICITIZE TRACE # ';N 0
490 INPUT 18:T(N),Y@Z$
50 PRINT 'GGG"
518 T(N)=(T(H)-T9)*T3
520 IF Z$='20 THEN 60
539 IF Z0'40 THEN 480
540 IF Z$z'"' THEN 568
550 GO TO 579
560 G(N)=G(N)*S
570 G(N+I)=G(N)+S
580 H-H+I
598 GO TO 4996ee REM**sttgtssSS**S**S*g*SS*sesg*ssssssss**sSS*$$$*S*SS*SSSS*2t3$

610 REM*$CORRECT DISTANCES FOR SHOTHOLE DEPTH USING PYTHAGOREAN****
629 REMS2STHEOREM APPLIED TO FIRST FOUR GEOPHONES AND THEN $$$$t
630 REM$S**LIST THE TIME DISTANCE INFORMATION640 REMSSS$*$$$$$$$$*$$$$$$*$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$U$
650 D3-D2t2
660 FOR Im1 TO 4
670 LIuABS(SI-G(I))t2
60 IF S)> THEN 716
696 G(I)mSI-SQR(LI+D3)
766 GO TO 726
716 G(I)sSI.SOR(LI D3)
726 NEXT I

Hl
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SEISDIG 3

736 PAGE
740 YSu$ "-$
58 YYS
768 PaLEH(X$)
776 0-36-P/2
788 Y$=REP(XS,O,P)
796 PRINT Y$
ee PRINT @32,26:6
810 A$="TRACE NO."
820 B$="DISTANCE"
830 CS"TINE(msec)"
848 PRINT A$,B$,C$ 0
858 PRINT "
860 PRINT
876 FOR I1m TO H
888 PRINT IG(I),T(I)
896 NEXT I
900 INPUT US
910 PAGE
928 PRINT *WOULD YOU LIKE TO REDIGITZE ANY OF THE POINTS?"
936 INPUT Q$
940 IF Qt='N" THEN 1646
958 PRINT "WHICH POINT NO.'
966 INPUT I
978 PRINT ODIGITIZE THE POINTO
986 INPUT @8:T(I),YZ$
996 T(I)=(T(I)-T6)2T3
19 GO TO 9201 161 REMNZS$$$2$:*$Z$$**$$$*$$$$$*$$$S$$$$$$€$$$$*$$$$$$ Ss$ **$$*$

1628 REM****STORE DATA ON MAGNETIC TAPE$$$$$$$*$$$$$$$$$$ s$$ s$$s1636 REMU$$$*$$$$$¢$*U*$$$$$$$$**S$$$*$$$$*$$*$*2$$$**S*$$$$$$S

1040 PAGE
1956 PRINT "WOULD YOU LIKE TO STORE THIS TIME-DISTANCE INFO ON TAPE?"
1866 INPUT Q$
1676 IF OW=N' THEN 1160

•S

SEISDIG 4 (Last)

108 PRINT "WHICH FILE # MOULD YOU LIKE TO STORE DATA ON?*
1090 INPUT F1
1166 FIND Fl
1118 WRITE 133:X$ 0
1126 WRITE 033:H
1130 FOR I1 TO N
1146 WRITE @33:G(I),T(I)
1156 NEXT I
1160 END

4 SO

H2
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SEISPLOT 1
LIS
I INIT
3 S9=0
4 L9u1.636363
5 LS=1
6 DIM T(58),D(56)
7 REM : TO USE THIS PROGRAM FOR PAPER PLOTS - SET CORNERS OH PLOTTER
S REM : TO DEFAULT UALUES OF 190 BY 150 - IT IS DESIGNED TO PLOT
9 REM : AN X AXIS OF 7' AND A Y AXIS OF 5K ON PAPER WHICH IS 8"x 18.5"
10 REM : IN SIZE - WHEN MOUNTING PAPER ON PLOTTER SET LEFT EDGE OF
11 REM : PAPER IN LINE WITH THE SCREWS ON THE LEFT HAND SIDE OF THE
12 REM : PLOTTING SURFACE
19 PAGE
28 PRINT "KEY IN THE PROPER # TO PERORM THE INDICATED FUNCTION"
38 PRINT * 1 ENTER DATA'
48 PRINT K 2 CHANGE OR ADD DATA'
58 PRINT * 3 PLOT DATA AND LABEL AXES'
68 PRINT K 4 CHOOSE BETWEEN PAPER OR CRT PLOTK
61 PRINT ' 5 DISPLAY DATA'
62 PRINT * 6 SELECT SYMBOL'
69 PRINT " 7 STORE DATA ON TAPE'
70 PRINT " B READ DATA FROM TAPE'
71 PRINT ' 9 STOP PROGRAM' -AV
88 PRINT "INPUT THE APPROPRIATE NUMBER'
85 DIM T(50),D(50)
90 INPUT M!
95 PRINT @1,17:1,1.636363
188 GO TO MI OF 130,320,430,520,220,155,1619,1808,1530
118 DIM T(56)tD(58)
128 PAGE
130 PRINT "INPUT TIME DEPTH VALUES# END LIST WITH TIME LESS THAN ZERO"
148 Ji1•
156 PRINT 'DISTANCE(';J1;) 0 '1
166 INPUT T(JI)
162 IF T(JI)(S THEN 216

176 PRINT 'TIME(';JIt') u '; SEISPLOT 2
186 INPUT D(JI)
196 JluJl+l "
268 GO TO 158
216 JI=Jl-1
228 PAGE
230 E$S'POINT NO."
240 DS='TIME (MSEC)'
258 FSs'DEPTH (NSEC)"
260 PRINT EStFSD$
278 PRINT
288 PRINT
298 FOR 1=1 TO JI
308 PRINT IT(I),D(I)
310 NEXT I
320 PRINT "WOULD YOU LIKE TO CHANGE OR ADD ANY POINTS (ANSWER Y OR NY??*
338 INPUT 0S
348 IF 0$*y" THEN 366
358 GO TO 19
368 PRINT 'KEY IN THE POINT NO.'
378 INPUT I •
388 PRINT 'KEY IN THE CORRECTED OR ADDED POINT VALUES'
398 INPUT T(I),D(I)
400 IF I(JI THEN 420
418 J11I
429 GO TO 226
438 PAGE
448 PRINT "WHAT ARE X AND Y SCALE FACTORS?'
456 INPUT X2,Y2
451 Xu7$X2
452 Yla5*Y2
466 PRINT 'WHAT IS THE X LABEL?'
476 INPUT XS
490 PRINT "WHAT IS THE Y LABEL?'
490 INPUT YS

H3

*q S S S 0 0 0 0 9 S S S 5 S 0 5



SEISPLOT 3

59 PRINT "WHAT IS THE BORING HOLE 
NUMBER?*

SI INPUT BS
529 PRINT "FOR PAPER PLOT TYPE 11 FOR CRT PLOT TYPE 32"
539 INPUT NO
535 PRINT 'WOULD YOU LIKE TO PLOT THE AXIS (ANSWER Y OR H)' 0
536 INPUT C$
549 PRINT @1,17:1,1.636363
541 PRINT "WOULD YOU LIKE TO PLOT ON GRAPH PAPER (ANSWER Y OR N)"
542 INPUT GS
543 IF G$='N" THEN 550
544 PRINT 'MOVE PEN TO ORIGIN AND PRESS CALL BUTTON ON PLOTTER*
545 INPUT e9,27:X3,Y4G$
546 X4zX3+70
547 Y3=Y4+50
548 GO TO 649
550 X3=18
560 X4=88
570 Y3=61
589 Y4=11
590 GO TO 640
699 X3=45
618 X4=105 0
629 Y3=85
639 Y4=15
649 PAGE
659 VIEWPORT X3,X49Y4,Y3
669 WINDOW 9,XI,9,YI
665 IF C$-'N" THEN 689
679 AXIS @NO:X2/2,Y2/2
675 AXIS QNO:X2/2,Y2/2,X1,YI
689 GOSUB 1390 6
690 REMARK
706 REMARK TIC LABEL SECTION
705 IF C$-'Y THEN 726
707 GO TO 1331

716 REMARK SEISPLOT 4
726 FOR 1: TO XI STEP X2
730 WINDOW 0,XI,9,Y0 Y
749 MOVE N9:I,9-
756 IF 1= THEN 799
769 L1=LGT(I)
776 LIuINT(L1+1.8E-3)+1
789 GO TO 899
799 LIzI
88 SCALE 1,1
8l RMOVE *N9:-LI/25L8-L9,-L9
820 PRINT 9NO:1 0
839 NEXT I
849 WINDOW 9,XI,,vYI
850 UIEWPORT X3,X4,Y4,Y3
869 MOVE NS:XI/2,9
870 SCALE 1,1
880 RMOUE @N0:0,5
899 MzLEN(X$)/2
980 RHOVE @*N:-L8*M,-6*L9
918 PRINT INe:X$
929 FOR J=0 TO YI STEP Y2
930 WINDOW 9,XI,9,YI
940 MOVE @NO:9,J
959 IF J-9 THEN 999
968 L2uLGT(J)
978 L2aINT(L2+1.6E-3)
989 GO TO 19
996 L24 S
1000 SCALE I,1
1610 RMOUE *N6:-L9$(L2+3),-6.5*LS
1026 PRINT I@H:J
1636 NEXT J
1040 REMARK
1650 REMARK$S$S$Y AXIS*****

H4
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SEISPLOT 5

1069 REMARK
1979 WINDOW 8,Xl,8,Yl
1889 MOVE @NO:8,YI/2
1890 SCALE 1,1
1100 L=LEN(Y$)/2
1110 IF NO=32 THEN 1140
1120 RMOUE @NO:-4*L9,-L
1130 GO TO 1159
1140 RHOUE @NO:-52L9,L*2
1150 FOR I=1 TO LEH(Y$)
1160 A$=SEG(Y$IPl)
1170 PRINT 0H925:90
1188 PRINT @HO:A$;
1190 IF H8=32 THEN 1220
1210 GO TO 1230
1220 RHOUE N0H:0,-2.82
1238 NEXT I
1248 HOME
1250 REMARK
1268 RENARKt****S* PRINT THE TITLE*S*S98 REMARK
1278 WINDOW OXI,8,Y1
1288 MOVE @NO:XI/2,Y1
1290 SCALE 1,1
138 CS=N$
1310 RHOVE *NO:LS*(-LEN(C$)/2),41L9
1329 PRINT 9N,25:8
1338 PRINT *N8:C$
1331 WINDOW 8, 158, 199i
1332 VIEMPORT 8,158,8p198
1333 MOVE I1:X3,Y4
1348 INPUT Z$
1350 GO TO 19
1368 REMARKS**$****$SS2*2S*SSSf*$$S$tflfl
1379 REMARK PLOT DATA POINTS WITH TRIANGLES1396 REMARK***$*$$$$$***$s~SS$$$$t$tI$$t$$$$*$$t$

1396 WINDOW 8,XI,8,YI SEISPLOT 6
14090 VIEPORT X3,X4,Y4,Y3
1418 MOVE *NO:8,9
1420 FOR 1=1 TO Ji S
1430 MOVE 0HN:T(I),D(I)

* 1448 DRAW 8N8:T(I),D(I)
1450 SI=XI/7081.25
1460 s2=YI/791.25
1461 IF S901 AND S902 THEN 1510
1462 IF S9=2 THEN 1582
1470 RHOUE @NO:S1/2,S2/3
1480 RDRAW INO:-SI/2,-52
1498 RDRAW 0HN:-SI/2,S2
158 RDRAW *NO:S1,0

* 1501 GO TO 1510
1502 REM:::.:.. . PLOT SQUARES......."
1593 RMOUE 0N8:S1/2,-$2/2
1504 RDRAW 0N9:8,S2
1505 RDRAW ONB:-SI0
1506 RDRAW INO:O,-S2

e 1507 RDRAW @N8:S1, 0
1510 NEXT I
1520 RETURN
1530 END
1540 IF N8=32 THEN 110
1550 PAGE
1560 PRINT "CHOOSE AND KEY IN THE APPROPRIATE SYMBOL NO.'
1570 PRINT ' 1 FOR TRIANGLE"
1598 PRINT " 2 FOR SQUARE'
1590 INPUT 59
1698 GO TO 19
1610 REM: STORE DATA ON TAPE
1629 PRINT 'TYPE IN IDENTIFICATION'
1630 INPUT NB
1640 PRINT "INPUT FILE 6 THAT YOU WANT DATA STORED ON"
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I SEISPLOT 7 (Last)

1659 INPUT F3
1669 FIND F3
1670 WRITE HS
1680 WRITE JI
1698 FOR L=1 TO JI 01700 WRITE T(L),D)(L)
1710 NEXT L
1720 GO TO 19
19OB REM: READ DATA FROM TAPE
18i1 PRINT "INPUT FILE 6 DATA IS TO BE READ FROM"
1828 INPUT F3
1825 FIND F3
1830 READ @33:N$
1848 READ @33:J1
1850 FOR L=l TO Ji
1866 READ *33:T(L),D(L)
1879 NEXT L
1888 GO TO 19

REFINT I

LIS
98 DIM X(4,2),U(4,2),D(4,2),SI(2),AS(I),U2(4),T(4,2) 0
180 PRINT "WOULD YOU LIKE TO PROCESS BOTH A FORWARD AND REVERSE LINE?"
119 INPUT AS
120 IF A$"Y" THEN 190
138 FI=1
140 PRINT "IS THE LINE BEING PROCESSED FORWARD OF REVERSE (TYPE F OR R)"
159 INPUT AS
160 IF A$="F" THEN 29
178 FI=3
18e GO TO 288
199 F1=2
28 PRINT "TYPE IN LINE IDENTIFICATION"
218 INPUT 8$
228 PRINT "DIGITIZE THE FOLLOWING INFORMATION FROM THE T-D PLOT"
238 PRINT "JJDIGITIZE THE ORIGIN"
248 INPUT @8:A0,B9pMS
258 PRINT "G"
260 PRINT "JDIGITIZE THE RIGHTMOST POINT ON THE HORIZONTAL AXIS" 0
278 INPUT 99:A2,82,M$
289 PRINT "G"
290 PRINT "IJDIGITIZE THE HIGHEST POINT ON THE VERTICAL AXIS"
38 INPUT @0:A4,B4,MS
318 PRINT "G
328 REMARK:SSSSS**SS*S******SSSSS**SSS*S$$¢t$t**$$*S*St$t¢tS*St
339 REMARK: INITIALIZE VARIABLES348 REMARK:$$SSSSSS tS*SS****S$SSSSSSSSSSS*S*S***tt$$$$S*$tSSSS*

358 L189
368 L2"B
378 FOR I1 TO 4
389 FOR Jul TO 2
390 X(IJ)SO
40 U(I,J)m6
410 T(IJ)6G
420 D(I,.)4O

* H
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REFINT 2

439 NEXT J
449 NEXT I
450 IF F1=3 THEN 490
460 PRINT "HOW MANY LAYERS ARE ASSOCIATED WITH THE FORWARD LINE?"
470 INPUT L"
489 IF Fl=l THEN 52e
490 PRINT "JHOW MANY LAYERS ARE ASSOCIATED WITH THE REVERSE LINE?"
500 INPUT L2
510 IF F1-3 THEN 638
528 PRINT "JDIGITIZE CRITICAL DISTANCES ON THE FORWARD LINE"
530 FOR I=1 TO LI
54e IF I=LI THEN 578
558 PRINT "JDIGITIZE CRITICAL DISTANCE #';I
568 GO TO 580 0
570 PRINT "JDIGITIZE ANY POINT ON THE HIGHEST FORWARD VELOCITY LINE"
580 INPUT @8:X(I,1),T(Iti),M$
590 PRINT "G"
688 NEXT I
610 IF F1=I THEN 720
620 PAGE
630 PRINT "DIGITIZE CRITICAL DISTANCES ON REVERSE LINE:"
640 FOR I=1 TO L2
650 IF I-L2 THEN 680 S
668 PRINT "JCRITICAL DISTANCE *"I1
678 GO TO 690
680 PRINT "JDIGITIZE ANY POINT ON THE HIGHEST REVERSE VELOCITY LINE"
690 INPUT @8:X(I,2),T(I,2)oM$
788 PRINT ""
710 NEXT I
720 PAGE
730 IF F123 THEN 78
740 PRINT "FROM THE KEYBOARD ENTER THE FOLLOWING INFORMATION:"
750 PRINT "JJDISTANCE OF FORWARD SHOTPOINT FROM ORIGIN'
760 INPUT S1(1)
779 IF F1-l THEN 810

709 PRINT "JDISTANCE OF REVERSE SHOTPOINT FROM THE ORIGIN" REFINT 3
790 INPUT S1(2)
800 IF F1=3 THEN 840
810 PRINT "INPUT THE FORWARD SHOT14OLE DEPTH"
826 INPUT D8
830 IF FI=1 THEN 860
840 PRINT "INPUT THE REVERSE SHOTHOLE DEPTH"
850 INPUT D9
868 AI=e878 81=0
880 PRINT "JTHE MAXIMUM VALUE OF THE HORIZONTAL AXIS"
890 INPUT A3 S
908 PRINT "JTHE MAXIMUM VALUE ON THE VERTICAL AXIS"
910 INPUT 85
920 A=A2-AO
930 B=B4-BO948 REMARK* *$$t***$$*$$**5$u555** $$u*$**: $$u**:*uZuu**
950 REMARK: FORWARD CALCULATIONS MADE IN THE NEXT SECTION
9680
970 IF Fl=3 THEN 1060
980 FOR 1=1 TO LI
998 X(I,1)=(X(IpI)-A9)/A$(A3-AI)1889 T(I,1)=(T(I,1)-90)/B*(B5"OI)
1018 X(II)=ABS(X(II)-S1(1))
1020 NEXT I1838 REMARK:$Z$$$$$$$ $ $$ Z$$$$$$¢$S

1049 REMARK: CALCULATIONS FOR REVERSE LINE
1050 REMARK:$$$$*$$$$$$$$$$$$$$$$**$*$$$¢
1068 IF Fla- THEN 1159
1070 FOR [=1 TO L2
1089 X(I,2)a(X(I,2)-AO)/A$(A3-AI)
1099 T(I,2)m(T(I,2)-99)'9*(BS-9I)
1100 X(I,2)=ABS(X(Io2)-SI(2))
1119 NEXT I
1128 REMARK:$$$$$$$€$€$*$*$$$$$$€$*SU* $$$
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-Al21 196 ANALYTICAL AND DATA PROCESSING TECHNIQUES FOR
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.i REFINT 4

1130 REMARK: COMPUTE UELOCITIES
1140 REMARK:$***$$$$$$$$*$$$$***$$$$$*$$$$$$ $ *$2$**f$$$
1150 FOR I=1 TO 2
1169 IF FIu3 AND 1=1 OR (FII AND I2) THEN 11801179 U(1Il)n(X(1,l)-A1)'(T(1Il)-BI)$100
1180 NEXT I
1198 IF Flu3 THEN 1240
1208 FOR 1=2 TO LI1219 V(I,1)=(X(I,1)-X(I-19 1))/(T(I,1)-T(I-1,1))$1909

1220 NEXT I
1230 IF FI= THEN 1280
1240 FOR 1=2 TO L2
1250 U(I,2)ffi(X(I,2)-X(I-I,2))/(T(I,2)-T(I-1,2))*118 S
1260 NEXT I
1270 REMARK:$$$$$$$$$$$$$$$$$*$$$$$$$*$$$****$*$$$$$$3*$*$**$$
1280 REMARK: COMPUTE DEPTHS
1290 REMARK:$*$ $$$$$$$$$$$$*$$$$$$$$$$$$$$$$$$$$$$$*t**
1380 IF FI=3 THEN 1380
1310 D(1,1)=X(1,1)/25SOR((U(2,1)-U(1,1))/(U(2,1>+U(1,1)))+DS/2
1320 IF L1=2 THEN 13701330 D(2,1)=5'6$D(1,1)+X(2,1)/2*SQR((V(31)-U(21))(U(31)+U'(2,1))) 5

1340 IF L1=3 THEN 1370
1350 Dl12/6$D(II)+3/45D(2,1)
1360 D(3,l)fDI+X(3,1)/2*SQR((U(491)-V(3,1))/(U(41)+U(391)))
1370 IF Fl=l THEN 1440
1380 D(1,2)=X(,2)/2*SQR((U(22)-(12))/(V(22)+U(I,2)))+D9/2
1390 IF L2z2 THEN 1440
1400 D(2,2).5/6*D(1,2)+X(2,2)/25SQR((U(3,2)-U(22))/(U(392)+U(22)))
1410 IF L2w3 THEN 1440
1420 D2-1/6*D(II)+3/4*D(2,2)
1430 D(392)uD2+X(32)/2$SQR((U(42)-U(3,2))/(U(4,2)+(32)))

* 1440 REMARK$€$$$$$$$$$*$$*$$*$$$€$$$$$$$$$$$$$$$$$$*$$$ $$
1450 REMARK: OUTPUT SECTION RESULTS ARE NOW COMPLETE
1460 REMARK$$$$$$$$$$$$$$$$€$$*$$$$$$$$$$$*$$$$$$$$$$$$$$$$ *$
1470 IF LI0L2 OR Fl1t OR F1=3 THEN 1546

1480 REMARK$$$$$$$*$$$$$$$$€$$$$*$€$$$€$$*$$$$$$$$$$$ $$ REFINT 5
1496 REMARK: COMPUTE TRUE UELOCITIES 'S1560 REMARK:$$$$**$$$$$$**$$$$$$$$$$$$$$$$$$$$$$$$$$ $$$$$$$$$ 8

1516 FOR 1=1 TO LI1528 u2(I)a2,V(I,1>$U(I,2)'C(I,1)+U(I,2)) ..
1530 NEXT I
1540 PAGE
1550 PRINT B$
1560 PRINT "J-
1570 PRINT ' FORWARD REUERSE-
1580 PRINT USING 1590:
1590 IMAGE 1iX, .-------- 25X#'. ------
160 PRINT *J-
1610 PRINT USING 1628:
1620 IMAGE 22X,'THE CRITICAL DISTANCES ARE:'
1630 PRINT "Jo

* 1640 L=L1
1650 IF LI)L2 THEN 1670
1660 LfL2
1670 FOR 1.1 TO L-1
1680 PRINT USING 1690:IX(I,1), IX(I,2)
1690 IMAGE liXOX(,ID") 0'*6DsISXp'X('ID9') 0"6D
1780 NEXT I
1710 PRINT
1720 PRINT USING 1730:
1730 IMAGE 22X,"THE APPARENT UEL6ZITIES ARE:*
1740 FOR l11 TO L
1750 PRINT USING 1696:IpU(II)bIU(I,2) S
1760 IMAGE lIXU(',ID9) 0 o6 ,l fpsl17XI'U(',IDpp) "Y6D," fps'
1770 NEXT I
1780 PRINTNJ
1796 PRIT ING 1800:
180 IMAGE IIXPTHE CALCULATED DEPTHS ARE:"
1016 PRINT 'J'
1620 FOR lo1 TO L-1
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REFINT 6 (Last)

1836 PRINT USING 1840:ID9I11),ID(I,2)
1849 IMAGE IIX,'D(',1D,') 8'3.2D ," ft',eXD(',ID,') -',3D.20,' ft'
1850 NEXT I
1868 IF L10L2 OR Fit OR Fin3 THEN 1968
1878 PRINT "Jo
1888 PRINT USING 189e:
189 IMAGE 22X,'THE TRUE VELOCITIES ARE:*
1900 PRINT 'J"
1918 FOR la1 TO L
1928 PRINT USING 1938:Ip2(I)
1939 IMAGE IIX,'V(-,ID0') w'p60
1948 NEXT I
1958 GO TO 1978
1960 PRINT OJJTHE TRUE VELOCITIES WERE NOT COMPUTED FOR THIS CASE"
1978 END

LIST
1B INIT DOMER 1
15 REM DOMER(DIGITIZATION OF MULTI-EVENT REFRACTION DATA)-DEY
16 REM PROGRAM WILL DIGITIZE PEAK ARRIVAL TIME AND 1 CYCLE OF
17 REM EACH EVENT. IT WILL HANDLE UP TO 5 EVENTS PER TRACE FOR 24
18 REM TRACES. CALCULATES FREQ&GROUP VELOCITY AND OUTPUTS IN TABLE
19 REM GEOPHONES MUST BE EQUALLY SPACED. T/D PLOT OF PK FOR ALL EVENTS.
29 DIM TI(24),T2(24),T3(24),T4(24),T5(24),D(24)
38 DIM FI(24),F2(24),F3(24),F4(24),FS(24),HI(24)H2(24)
35 S9=0
37 F9=8
48 T1=-1
45 T2--1
58 T3=-1
55 T4=-1
68 T5=-1
65 Fl-TI
78 F2=T2
75 F3=T3
80 F4=T4
99 F5-T5
118 PRINT "ENTER TITLE"
129 INPUT TS
130 PRINT 'ENTER GEOPHONE SPACING'
148 INPUT X
158 PRINT 'ENTER TINE INTERUAL TO BE DIGITIZED'
169 INPUT R
170 PRINT 'DIGITIZE TIME INTERVAL'
188 INPUT 19:T8,ZZS
196 PRINT i'G
288 INPUT IBT9,Z,ZS
216 PRINT "Gm
228 SE-R/(T9-T8)
225 PRINT 'DIGITIZE ZERO TINE'
227 INPUT *8:T7,Z,Z$
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DOMER 2
228 PRINT "GO
238 PRINT "ENTER NUMBER OF EVENTS TO BE DIGITIZED"
246 INPUT H
250 FOR Hal TO N
268 PRINT "ENTER STARTING TRACE NUNBER"
270 INPUT C
286 FOR KmC TO 24
290 PRINT 'DIGITIZE EUENT#';N;" TRACE ";K;" PEAK'
369 INPUT 18:TZ,Z$
305 T=(T-T7)*S6
318 GOSUB 98
320 PRINT "DIGITIZE EVENTI';H; TRACE 'IK;" LEFT TROUGHN
338 INPUT 08:LZ,Z$
340 GOSUB 969
358 PRINT "DIGITIZE EUENT#';N;" TRACE ";K;' RIGHT TROUGH'
360 INPUT I8:R,Z,Z$
370 GOSUB 90
380 P=a/((R-L)*S6)
385 PaINT(P*1866)/1
390 GOSUB 60
408 NEXT K
410 NEXT M
420 REN:::OUTPUT DATA
430 Mal
440 H1T1
456 H2=F1
460 GOSUB 800
470 H=+l
486 IF M)N THEN 598
490 Hl-T2 *

500 H2mF2
510 GOSUB 0
526 N-N 1
530 IF M)N THEN 596
540 NIaT3

556 H2mF3 DOMER 3
566 GOSUB 00
576 IF M>N THEN 590
572 HIuT4
574 H2mF4
576 GOSUB 808
579 N-+1
580 IF N>H THEN 598
582 HI-T5
584 H2"F5
586 GOSUB 866
590 PRINT "ALL EVENTS PRINTED **NORMAL TERNINATION**"
595 GO TO 4000
60 REN:::SUBR DATA ARRAY SORT:::
610 GO TO H OF 636,66,690726,750
620 PRINT "SORT ERROR"
630 TI(K)=T
640 FI(K)uP
650 RETURN
660 T2(K)-T
670 F2(K)-P
686 RETURN
690 T3(K)aT
700 F3(K)aP
710 RETURN
720 T4(K)aT
738 F4(K)uP
740 RETURN
756 T5(K)uT 0
768 F5(K)=P
770 RETURN
800 REN::::SUIR OUTPUT DATA TABLE::::
665 PRINT ' "ITS
06 PRINT ' '

68 PRINT "EUEHT NUMBER '1N

H10
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L7
,ii DOMER 4

* 812 PRINT
815 PRINT e Xft Tosec Fjhz Ug, ft's"
826 PRINT -----------------------------------------------------
825 FOR Kul TO 24
838 SuK*X
835 IF H1(K)u-l THEN 869
836 H1(K)%INT(H(K)*19)/l0
848 U.S/HI(K)
842 VsINT(U$189)/I1
845 PRINT SHI(K)N2(K)I
858 GO TO 876
866 PRINT S
876 NEXT K 0
875 COPY
888 PAGE
885 GOSUB 2866
890 RETURN
986 REr:::SUBR FLAG SORT::
918 PRINT 'G'
915 PAGE
929 IF Z$a'4" THEN 298
936 IF Z$=m8" THEN 409
946 IF Z$u62" THEN 416
958 RETURN
1068 STOP
280 REM:::SUBR PLOT::
2916 L9-1.63636
2926 L8=1
2040 REM TO USE THIS PROGRAM FOR PAPER PLOTS - SET CORNERS ON PLOTTER
2850 REM:TO DEFAULT VALUES OF 10" BY 15" - IT IS DESIGNED TO PLOT
206 REM:AN X AXIS OF 7 AND A Y AXIS OF 5* ON PAPER WHICH IS 8"x 10.5'
2676 REM: IN SIZE - WHEN MOUNTING PAPER ON PLOTTER SET LEFT EDGE OF

2136 PAGE DOMER 5
2135 IF F9-1 THEN 2216
2148 PRINT *WHAT ARE X AND Y SCALE FACTORS?*
2156 INPUT X29Y2
2166 X1-7*X2
2178 Yl-5*Y2
2180 XS='DISTANCEift."
2196 Y$="TIMEgmsec."
2266 Nel1
2218 GOSUB 3465
2236 PRINT 11,17:1,1.636363
2240 X3218
2258 X4=88
2260 Y3261
2270 Y4211
2338 PAGE

S2349 VIENPORT X3,X4oY4,Y3
2356 WINDOW 9,X1lo9Yl
2360 IF F9=1 THEN 3146
2378 AXIS 0ON:X2/2:Y2/2
2380 AXIS *NS:X2/2,Y2/2,XI,YI
2498 REMARK
2416 REMARK TIC LABEL SECTION
2446 REMARK
2458 FOR 1-6 TO Xi STEP X2
2460 WINDOW 69X,1,6Yl
2476 MOVE IN9:I9
2480 IF 1.6 THEN 2520
2498 LiLGT(I)
2586 LI-INT(Ll+I.OE-3)+1
2516 GO TO 2536
2529 LIaI
2539 SCALE 1,1
2546 RMOVE #N6:-LI/2$L6-L8,-L9
2556 PRINT I:I
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DOMER 6

* 2560 NEXT I
2579 WINDOW 9,X1,SYI
2589 VIEMPORT X3,X4,Y4pY3
2596 MOVE *NS:XI/2,B
2689 SCALE 1#1
2610 RHOUE *n:8,5
2620 N9-LEN(X$)/2
2636 RMOVE 6N6:-L8*N9,-6*L9
2640 PRINT *H8:X$
2659 FOR J= TO YI STEP Y2
2660 WINDOW 69XI,9YI
2670 MOVE 6N9:6,J
2680 IF Ju9 THEN 2729
2690 L2=LGT(J)
279 L2=INT(L2+1.6E-3)
2719 GO TO 2739
2729 L2=9
2730 SCALE 1.1
2740 RHOVE ONO:-LB*(L2+3),-S.5*LB
2758 PRINT 6N9:J
2760 NEXT J
2779 REMARK
2789 REMARKU*$*Y AXIS*****
2799 REMARK
2898 WINDOW 9,XI9o,YI
2819 MOVE INS:9,Yl/2
2280 SCALE 1,1
2830 L-LEH(Y$)/2
2959 RMOVE 0N8:-4*L9,-L
2986 FOR 1 TO LEH(Y$)
2990 A$sSEG(YSIl1) 0
2968 PRINT *NB,25:96
2910 PRINT *N6:ASl
2959 NEXT I
2966 HOME

2979 REMARK
2988 REHARKt********PRINT THE TITLE*tS**1e99 REMARK
2999 WINDOW 9,XI,9,Yl DOMER 7
3880 MOVE *N9:XI/2,YI
391 SCALE 1,1
3020 CST$
3030 RHOVE N96:L9*(-LEH(CS)/2),4$L9
3046 PRINT 1H9,25:6
3950 PRINT *N9:C$
3860 WINDOW 89156,619
3970 VIENPORT 9,158,9100
3989 MOVE 1:X3,Y4
3099 REM::?INPUT Z$??
3095 F9=1
3116 REMARK$$$t**t $$***** $t*$$*t$tt. ..t
3120 REMARK PLOT DATA POINTS WITH TRIANGLES
3130 RENARK$$$$ t$ **tt*$S$-"
3149 WINDOM 9sX1,8,Yl
3150 VIEWPORT X3,X4,Y4,Y3
3169 MOVE IN9:9,9
3170 FOR lIul TO 24 - -
3186 D(1)=II
3195 IF HI(I)(0 THEN 3360
3199 MOVE INO:DCI),N1(I)
329 DRAW *N6:D(I)PNI(I)
3216 S1uX1/791.25
3220 S2-YI/7*1.25
3239 IF S901 AND S902 THEN 3360
3246 IF S9-2 THEN 3380
3250 RfOVE *NS:SI/2,S2/3
3260 RDRAN *NI:-SI/2,-S2
3270 RDRAM *NO:-112,S2
3280 RDRAW WN6:SIS
329 60 TO 3366
33M REN::::::::: PLOT SQUARES
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DOMER 8

3316 RHOUE *N:SI/29-S2/2
3320 RDRAM 9N9:9,52
3336 RDRAW @NO:-SI,6
3340 RDRAN ONG:6, -S2
3358 RDRAW QN6:SIB
3366 NEXT I
3370 RETURN
3386 END
3396 REM
3466 PAGE
3465 REM::: SUBR CHOOSE PLOTTING SYMBOL::::
3416 PRINT "CHOOSE AND KEY IN THE APPROPRIATE SYMBOL NO.0
3420 PRINT 0 FOR TRIANGLE*0
3436 PRINT 0 2 FOR SQUARE"
3432 INPUT S9
3435 PRINT *CHANGE PEN COLOR IF DESIRED AND PRESS RETURN"
3436 INPUT Z$
3550 RETURN
4666 END

H136



APPENDIX I: REFRDIR EXAMPLE AND LISTING

The following computational procedure is used by REFRDIR to determine

the phase velocities, vn , and intercept times, t for the direct and re-

versed refraction profiles + * and - for the direct and reversed profiles,

respectively) for four layers (n=1,2,3,4) or three interfaces (n=2,3,4). The

given data are (see Figure 60): 1) the layer velocities, an, 2) the inter-

face dips, 6n , and 3) the layer thicknesses, Ht. The last layer, n=4, is a
n n

semi-infinite half space. The top interface n-l, is the air/ground inter-

face and it is assumed to be horizontal. The angle between the interfaces 0

of layer n is *n: *n a 6n+l - 6n"

The phase velocites and the intercept times for the first interface

(n-l or top surface) are v - ' to 0.

For interface #2, (n-2), we compute:

sin e12 = 'I /a 2 ; cos 812 = (1 - sin2e12)1
/2

then

v = a1/(Sin e12 cosip1 * Cos e12sin 1I)

t * = (2Hl/a 1)cos 6

For interface #3 (n-3), we compute:

sin e2  ' a/a ; cos e (2 - sin12e I/2

sin e13 - (al/a2)(sin e23cos (2 - Cos e 23sin 02
)

cos e65 = (I - sin2e ) 1/2

then

+ +
v3 - Ol/(sin a 3cos 4I 1 cos e 3sin

to±= (Ht/a )cos 623 + (H i /a )(cos 63 + cos 813).

021
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Finally, for interface #4, we compute:

sin e34 = 3 AL4 ; cos o 34 = (1 - sin 834)

sin 624 = (a 2/ 3)(n e34 c/a )s os Cos 34sin *3)24= (1 -3 s . 4 3)1/2

+ 2 + Cose 24 (1-sn624)

sin 4 = (C /a2)(sin el 4 cos 2 * cos e 4sin *2)
14 1224 2 oe2 214(+ sin2 elQ 1

Cos e64  (1 - si 4)e+ 1/2 :

and then finally,

4 n al/(sin 8 e1 4 cos 1 " cos e1 4 sin *1)
':" 4 + + + 24

o== (2/a 3)COs e34 + (-I' 2 ) (cos e24 + Cos e24)

+ (['c/) (cos 814 + cos 6 14).

Note, the computations of t± are made as a rumning sun; each term is computed

as the values of the cos e: are computed.
in

The equation relating the layer "thicknesses" of the reversed pro-

file, Hn, to those of the direct profile, Hn, is:

A1-
+ 

ITHn = Hn - Lsinp JTn =DCos ?.

where the symbol IT represents a product; that is

iO co 0£=  o C os 1 Cos *2 "

(recall o = 0 and, therefore, cos ipo  1 ). .

22
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*RLJORN IIISM9140 Obies? FILL PA6E NO, I

IOOSFNN*IN0OOMI1PLOI 5.1
Occ RLPRAC I (A*F, 6ANGI/%, DILLON)

40 PR~OGRAM REFRAC 1 1 A MODLLLiNG PROGNAM WI9USt INPUT DATA AWLS

boc 2)s THE VtLUCITY IN LACPH LAYLN @ o ,(ALPMA(N))
?CC 33. THE DIP OF THE LAYER INTERFACEb iN DEGREES

90C AND 'I),IME LAYER THICKNkSSLS , S*( PLU8CN)fHMiNUS(N))

110C NU~tE N VARIES FROM I TO NLAYRS (I.LL.NqLhNLAYRS) FOW
IZOC ALPHA(N AND DELTA(N)p BUT IoLka.4toE.NLAYR301W FOR MPLUS(N)
130C AND HMINUSCN),

150c ***elk SEE THE DIAGRAM IN FIURE I
160C
17CC ALPHA(13 HPLUM() % MMINUSCI) ARE THE VELOCITY A LAYER
180C THICKNESSES OF Till FIRST LAYER mkNLEt DtLTAtI) IS THE DIP
190C ANGLE OF ITS TOP SURFACE (T~lE GNUUND SURFACE)
20CC
aoCC THE PROGRAM CUMPUtS AND PRINT$ OUT, FOR MOTH DIRECT AND

* ZZQC REVERSED PROFILMS
* 23CC 1), THE HORIZONTAL P14*51 VELOCITILS v v(VPLUS(N)pVMiNUb(NJ)

240~C AND 2), THE INTERCEPT TIMES * * *(TPLUSMN)TMINUS(J))
15CC FOR EACH ALFRACtION* (9s6LI.N.LE,NLAYR5)

27C . DEFINITIONS AND LIST OF~ VARIABLES A

Z90C ALPNHI a (ALPHA N MINUS 1) a (&.13ST LAYkRpb VELCCITY oml~m IS
360C COPiPANED wITH THE VELOCITY IN LAYER N, ALPHA(N), TO I;SURE
310C THE VELOCITIES ARE MONOTONICALLY DECRLASING,
340C
330C ALPMAWtI a VELOCITY IN LAYER K, (IoLEvhsLEmNLAYRS)

350C COOPS! 2 (COSINE PSI) * COSINE OF THE ANLL BETWEEN LAYERt NOS
360C INTERFACES, P51(N)0  CIoLEsNOLksNLAY4SwI)
37C
iOUC CUSPI a (COSINE P51(I)) a COSINE Of THE ANGLE BET.EEN TmE
39CC FIRST LAYER'S SURFACES.

o11cC CIMIN a (COSINE 7HbTAM(I,N)) z C05INL OF THE ANGLE ULT.EEN THlE
412poc IINSINTtNFACt NORMAL AND THE RAY OHICH WtFRACTS ALONG THE NIH

'130C INTERFACE (N).) THIS IS FOR UPoAHU THAVtLLING %AVtS, (StE
'4C0C FIGURE I AND IMETAMCION)).

* 450C
4 '00C CYPIN a (COSINE THETAP(I#N)) a SAME AS CTPIN EXCEPT FOR THE

*470C DOWNWARD IRAVELLING WAVES,

4190C DELTAWN a THE DIP ANGLE (IN DEUREES) Of ItH NTH INTERFACE, THE
500C TOP SURFACE OF LAYER NO COLLIACI) 8 TOP SURFACE DIP ANGLE

slC ZERO DEGREES), (1.LL.&.LEftLAYW6)

530C MiNUO(N) a THE TMICKNESS OF THE NTH LAYER FOR T1HE HtVE45LD
5410C PAOFILE (SEE FIGURE I)O (i.LE.H.LE.NLAYRbvI)

13
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REFORM CONY 14849140 05/abeo F1LU PAGE NO@ a

50 HPI.USM) a THE SAME AS MMINUSMh EXCEPT FOR THE CIRECT PNUFILE

SlOC NLAVRv a (NUMBER OF LAYERS) a NUMBER P~ LAftmb FCR *PICHl
590C VtLOCITIE& ARE GEZYiN. (THE LAST LAVER 1S A PALF SPACL)
0ocC
610C NX2LST a NEXT1 TO LAST) 0 NLAYRS vg
620c
60CC P 0 090174532925 0 PI140 8 CONVE1RSION FACTOR# DEGRttS TO RADIANS
0C

6SCC PS3(N) a ANGLL (IN RADIANS) BETWEEN THE SURFACES OF THE NTH
60C LAYER 8'FPU(DkLTA(N#1).- OILTAh) (1,LE.H,LEqNLAYRSwI)
60C
60C SINPSl 0 THE SINh OF P53(N), (ILL COSPI, P51(N))
0C

700C SINPI a (SIN'E OF P53(1)) (BEL COSPI)
71C

*720C &THIN a (SINE, THITAM(IpN))-P SINt OF THETA MINUS (SEE CININ)-
?jo le
74oC WIIN a (SINE 7MkTAP(I#N)) a SINE Of THETA PLUS (BEL CYPIt4)
7ac
10C TITAM(IIN) a (THETA MINUS) 2 ANGLE KETHIEN THE ITMaINYLRPACE NIJRs
77CC HAL. AND THE RAY Of 1141 iAVL THAI NLFRAC13S ALONG THE NTH'IfhYERU
?sc FACE (NvI)v THIS 15 FOR UPmARD'TRAVELLIN6 RAYS, MSE FIG, I!
79C
60CC THETAP(Z.N) a (THETA PLUb) a SAME A& TMLTAM4 EXCEPT THIS IS FOR
s1C DOWNWARD TRAVELLINGi RAYS, (Ski FIGURE 1)
820C
830C YMINUS(N)s a 1NtERCfPT TIME FOR THE WAVE REFRACTED FROM THE NYN
640C INTERFACE FbR THE REVERSED PWOILE, 12vL1,N,LEstiLAYkb)
a5ot
&DOC TPLUS(Ih) *INTERCEPT T1RE FOR THE WAVE REFRACTED FROM Ipil NTH
B7CC INTERFACE FOR THE DIRELCT PRUPILE, (aLL.N.Lt,hLAYR5)
800C
890C TPINUN 9 THE RUNNING SUM FOR TPINUS(N)
900C
910C TPLU3N a THE RUNNING SUM FON TPLUS(N)
92C
930C VRINUS(N) 8 HORIZONTAL PHASE VELOCITY Of T4E REFRACTION FROM
940C IRE NIH LAYER FOR THE REVERSEP PROFILE, (i,LE.N.LE*NLAYRS)
9C
90C VPLUS(N) 9 HORIZUNIAL PHASE VELOCITY OF THE REFRACTION PROM
970C VALE NTH LAVER FOR THE DIRECT PROFILE, (9',L9,N,Lt,hLAYN3)
90C
99CC VMATIO a ALP"ACI)iALPHA(l*1) a VELOCITY RATIO

* 100C
10oC "'a EUATION8 USED BY REPHAC I 00

* 101lC
1030C 1, SZNCTHLTA(NwIN) a ALF MA(KvW)ALPhA(%)
104C

4 105CC d, 31N(TMLTAP(I01#N) a (ALPHA(IwlJ,'ALl'HA(I))*
106C (SINCTMETAP(lek) # PS1(Z))

lOfOC 3, 3)N(THEYAP(iajNJ n (ALPMA(IwI)/ALPPAI))
1090C (SINCTWEAPCION) MC51I))

* 110C

14
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REFORN CONT 14849840 051aifal P16L PAhL Not 3

1110C 49. VOINUSCRI 8 ALPMACII/ Nh(TLt7APCIj * P511)

1130C So VPLUS(N) UALPHA~jl/IN(THE7AMCjeN) F5()
1140C
115c; 64 TPLUS(0,N) a sum COVER Is) To JUNa1) Of

116c PLU5(I)*CCOS(TNIT7APCINV) 0 GO5CiliTA#'(ItN3)))/A.PIMA(A)
1170C
11S0C 7, TMIXNUS(Oph) a SUM COVER 161 TO3 JUN.11 UP
1190C IMINU5CII*(COiCT#ILTAPCIN)) + CUb[TTAM(.N)))/ALPiAkj)

1210C

IdjeC
I140C B. EGIN PROGRUAM RIFRAC I

1410C

11t0C DIMENSION INPUT DATA ARRAYS AND COMPUTED ANNAY
1190 REAL ALPHAC50).At.PAC501,DtLLA(5Q),MPLU5C50),RiMINUSCb0), PSAC50)

131CC DIMENSION AND INITIALIZE DUTP4jT DATA ARRMAYS
1320 REAL TPLUSCSO),TN*INUS(b0) ,VPLUS(50),VMIN4U5(50)
1330 DATA TPLU3,TmINUSVJLUSVMIN(J$iluO*0,0j
1340 REAL X(50)oY1CSC),SPNDLP~eSUlCOSS1GO
1:550 IKTE(.EI D

137CC READ INPUT DA7AS NUMBER OF LAYLRS CNLAYRS)o LAYER VLLOGITItS (ALe
1180Oc PHA), DIP ANGLES (DELTA) AND LAYER TPICkNtSSESCMPLUS)-
1.590 PRINT ?000
1400 7000 FOf.MA7Cl~lv4X#'IPUl NUMBER OP LAYktMS IN MOOELE,*)
141l0 READ l000.P.LAYMS
14203 1000 FORMAICY)

1440 PRINT 7200
1450 7200 PU'aMAT(1bl1,4W.INPUT LtKGYN Of SuMOY SPRtAD%)
1460 READ 1UOOSPNULN
1470 PRINT 7100
1450 7100 FORMAUT41,IuXv'FQW EACH LAVEN INPUT A LINt ENTRY *ITO THE
1490 h. FOLLUPIN. DAIA*#,,dX ?SEPAWAIL0 BY CUMMA41 LAYLW VLLCITYs
1500 &DIP OF INTkkPACE,',/,0XpfLAYtR TmlCIhtLSfc,//f
1510 ALPNFKl30.
1520 DO0 10 kslNLAYFOS0
1510 READ 1000.ALPIA(NPJ DLLTACN),,4PLUiS(N)
11340 ALPACN)SALPHACN)
1550 ALPNA(h)wALPMA(N)/jQ00

1570C THE FULLUPrIN. CHECKb FOR MONOTONICALLY INMRASING VLOCI.
1560C TItb, IF THLY DELMEASEp PROGRAM PRINTS LNNUI MLSSAGE 9 STOIVS,

* 1600 1'P CALPIIACN),LTqALPhMI) G0TO 900
1610 ALPN4ml U ALPMACN)
lol0 10 CONTINUt
1030 DC 12 NgUI,.LAYRS.1
1635 LEN
1000 CALL CMMINUSCMPLUSSPRDLNLPDELTA,MINUS)

15



WIORN CUNT 1414d9:O0 ob/ao/da PILL PAT~t NO, 4

1650 12 CONTINUE
I a s 0C
160C PHINT OUT THE DATA READ IN AUDVE 70 CHtCPA FUk ACCURACY
160 PRINT 9000,NLAYRS
1690 9000 FORMATCIt4X,'VtLOCITIE6 ARE IN "tTt.RSjSECf,
1700 & @ (OR FT/SEC), llmtb APL IN'td,
1710 & SX,'MILLISECS AND LAYER 7THICKNESSL3 ARE IN .LTERb.(PT),ll/
1710 16 sxp'TtR ARE '.12*' LAYERS IN TP415 MOOLL0,/11
1730 i6 bX,PLAYt.R NO, - VkLOCITY DIP (Ut&,E.S) HF~,

17s0 NXZLSTENLAYNS-1
1760
1770 DO 20 NxlNX2L5T
1780 PRINT 9100,NALPA(N) .DELTA (N) ,MPLUS(N) ,MHINTJS(N)

*1790 9100 FORMAT (1Mo,7xpIlpbxpF7,0v3XpJIsI,)
* 1800C CALCULATE AND CONVERT LAYER AN(OLEbo PSI (IN RADIANS), PROJM THI.

1010C DIP ANGLES, DELTA (IN DEGREES)
1820 P81(N) 0 P*CDLLTACN*1) a DELTACN))
1630 20 CONTINUE
1840 PRINT 9200,NLAYRSALPACNLAYN5),DkLTA(NLAYRS)
1650 9200 FORMAT CIHOpTXpI3,bXF7.0,3X#P11.13
1660
1670C DO LOUP b0 PERPURM5 THE COMPUTATION Of IFLUS(N)t ImINU5(N)t
1600C VP4USCN) & VMINU5CN) (2.Lt'.N.LL.NLAYRS). TRLU5(1)1UTMINUS (1)80,4
169CC AND VPLUSC1) U VMINU311) P ALPHA~l),
1900C
1910 SINI1 2 SIN(PSICI))
1920 COSI 9 SORT(1.o - SINP1.SlNPI)
1930 DO 50 N2NLAYNS
19400
1950C THE COMPUTATION IS STARTED BY FINUIND 5INITHETACN.1sN)) (OR
1969C STFIN) USING LUUiAIION 1, THE CUSINE (LTFIi) IS CUMPUTtD F~ROM
1970C itH SINE. 5TPIN & CTPIN ARE ST LUUAL TU STMIN & CIMIN, RtS.
1980C PLCTZvELY* Sk.CAUbL TMEIAPI(Nol,N) 9 THEIAM(NU1,N),
1990 S7IiN a ALlPHA(N*1)/AL0MA(,)
2000 CTPIN a 50111(1.0 a STPZN*STPJN)
41010 STMIN a 3TFIN
Z020 CTTMIN a CTFIN
20ocC
2040C T1,L MUNNING SUMS FOR TVLUS AND T"IlNUb AkE IKITIALIZLED 70 T1'E
20'400 LAST TERMS IN EUUATIONS (a & 7,
1060C
Z070 TEMP g 2.0.CTPIN/ALPHACNNI)
20b0 TPLUbN a HPLUb(NwI)*t.MP
2090 IMINUN a HMINUS(Nw1)*lEPP
210C
21100 IF kxi (COI'RESPONDING TO THE PIRST ktPACTED OAVt FRUIM THE
21200C SECOND INTLRFACk)o THE SUM5 FOR TPLUX & IMiNUS HAVE JU57 THE
2110C AdUVE TERMS AND THE PROGRA0 JUMPS TO L)NE 40 TO COMPUTE
91410C VPLUS AND 4MINUS,
a1500
2100 IF (NqEG,2) GOTO 40
2170C
2160C DO LOOP~ 30 COMPUTES THE Rt.MAININC, TEMS OF TPLUb a TMINUS (Tmt
2190C 4UMS IN EULAYlONS 0 6 7),

Tf,



REFORM COOY 18149840 05orbd181 FILE PAbL ND.

ai10 DU 30 M23.N
8820 I a NOM*1
2950 P511 a PSI(I.1)
28440 3INP31 8*SINCP5ZI)

8d~O COSPS! U SUiRT(1,0 SINPblSIhNIbl)
zab0 VRATIU M ALPHA(±)/ALP'AtI,1)

* 2470C
a86cC IN COMPUTING TPLrUS & TMINqUSP IML SINLS AND C05INkb Ut TiIt
2290C TMEYAS FRlOM l tTACNP1,N) TO TP4LTA(1.N) ANt Ntt.DlD. THt.5 A&t
2300C COMPUTED U51NG LWUATIONS a & 3,

8120 STPIN 8 'VAIl0*(S5l'IN*CUSPS1 CTP1N~blhPbI)
2310 $THIN a VHATIO*(57MINSCOSPS1 CTMNNSItPSI)
8340 CYPIN a SURMAI0 STPIN'STPZ"J
8)50 CININ a SWdNT(l.D STMIN-STMZN)
8300 TtmP a (CTPIN # CTI4IN)IALPIA(I3
8370 TPLUSN a TPL05h + MfLUSCIJ*TtMP
1360 7MINUN 8 TINUN + OMINUSCZ)ATLMP
8390 30 CONTINUE
2400C -
2410C UPON, EXITING DO LOOP 30p TPLUSCN) A IMINUS(N) HAVL btEN CON.
24aCC PUTED, STPIN 15 THlE SIN OP THOr.APCINJ, CORIN 15 ITS COSINE#
24130C AND STMuN & CTMIN ARE THEIR COUNTENPAR73 PUk Till RLVEI4SLD P14O.
24140C FILL, THEN VPLU5(N) & V141NUSCN) ARE. COMPUTED USINU EQ~UATIONS
8'ISOC 4 AND 5, RESPECTIVLYV, -

8470 40 TPLU5CN) TPLUbN
2860 TM'INU6(NJ TMIIUN
2490C
2500 VPIINUS(N) *ALPiA(l)lCSTPIN*COSPl + CIPIN*SINP1J
2510 VPLU5(N) ALPhA(1)/(ST"IN*COSPI C TMIN.5INPI)
MO8 50 CONTINUE
2530C
2%40C ** PRINT THE. RESULTS gp 714t PROGRAM

ab8b0 PRINT 9300
.8570 93'n0 FORMAT 1M~,0g**BCAUCULA~tI RE.SULTS *O*gj

K SX,'Tt'E MURIZONTAL PhASE VLLOCI~tI3 AND T,'.
2590 & INTERCEPT TIMwo,,
8000 lb SXp*UR THLt DIRECT (+) AND HEVENSLU C-) PNUfL5@.%//#
ab10 a aXIFINTENPALL NO, PHASE VLs F"ASE VtL.',,~T4'x'Tqp)

8030 DO 60 NR2#NLAYRS
26840 VPLUS(NJUVPLUSCN)*1000
26850 VMINUS(h)svmlkus(N)*Io00

* 8000o PRIINT 9M0U#r4DVPLUS(N),VPINUS(N)t7PI6US(N3 ,TMINUS(NI
2070 VPLU5(N)@VPLUb(N)11000
ab800 VMINUb(N)BVPINUSN)/100u
269049400 FOIIMA7 (lMu*7X*I8,3X~aPlS333X,8P 11,1)
8700 60 CONTINUE
2710 GOYD 999
2120C
2730 900 PRINT 9900
8740 9900 FORMAT (1I1,9X,'CHECN YOUk INPUT VLLITIES Pole

17



NLFOI~h CUKT 118491"0 liloIa/b ILL PAUL~ NO, 6

2750 16 5Xf'7tIV AR6E V1T MUNC7UNICALLY ICWLAbIK6.P)
2700 6jC TO 30000
Mo7c
2750 99V CONTINUE
2790C ****PLOT REPRACTION PRUPIL L1NL3CT/0 PLOT)

16e10 i1605 PINT 7a40
MO2 7216U FURMAYC1M1,4A#*INPUT I~ yu YUu 015H TO PLOT fONDOP/
2810 446x,'POFILE LINE 0NLVY,.alX#'NTt.H i TO PLOT pQNarAR6 AND RVLRbt
2640 SPRCF1LL')
2650 HEAD 1000"
280 Tlx
2570 Kc1)no
2660 X(2)NTPLUS(2)/(I/ALPMACI )wl/VIJLUS(1))...
2590 C)(LPAI)X2
a900 @

i~to 00 70 NU2,tbLAYRSSI
a920 X(K)S(TPLUb(INO 3TPLUSCN) 3/C1/VPLUS(N)uI#vPLU5(N$1 ) 0
2910 Y(K)8TPLU5(N)+(1/VPLU5(%))*XCK)
29460 INTEGER 0
2950 PKuI
2900 70 CONTINUE
2970 XcK)u5PRDLh
2900 YcK)@TPLUS(NLAYR5)*C1/VPLUs(NLAYPS) ).X ()
2990o ZPCM.EIW.) GO TO'2900
3000C***PLOT REVEM~k PROFILE LINk **
301Q NuKel
3020 xCN)OSPNULk
3030 Y(N)80

30460

3060 V(N)8(IiALPMACI))*X(P)
3070 X(K)XSPI4OL%-XCK)
3080 Kano1
3090 UC 60i N94phLAVNbol

3110 y (K)37M11.US(N),(1/VPINUSCN) )eA(K)
3120 XAsFDNXK
3110 KE'K*1
11oo6060 CCNTINUt
3150 x(K)OSPROLN
3160 y(k)STM1NUSCNLAYRS),(I/vMINUS(NLAVRS3)O*XCN)
1170 XCK)3O-
3100 9900 YWAXuYC1)
3190 00 89 K982,N
3d00 fleAXa9IAX CvFAX#Y(KK))

.~10 b9 CUNTIhUf
34e20 PRINT 85OWMAX
130S 6b00 PGHMAT(IN1,46XLAH(L51 VALU. 09' Y 9'K bCALING I31vs2,9'*J
A1460 CALL P6lT(X#YoK)
Sabo 3000 STUP

3070 56"1WUUTI NL CMMINU6 (MPLLSDSPNUI.N.NDP ULL.IA,# PINUS)
1260 DIM9N5ION MPLUSCIOj ,OLLlA(1QI2 MP'IN63~(103

18



*ALFDRM CUNT 11149140 OS/96/62 PILL PAGE NO* 7

3300 8l~Umcse.o
3110 Do 93 Dolhol
3320 5I6G"uD9LTA(D*13uDCLTA(D)
3330 sUmCO3SUC0*C0~5Iu"*P)

* 3.1M 93 CONTINUE
*3150 5jilMuDtL1A(N+1)vUtLTACN)

*3170 REUR
3370 MchuD

3)80 t&19



APPENDIX J: REFRINV EXAMPLE AND LISTING

The following procedure is used by REFRINV to determine: 1) the

layer velocities, an, 2) the layer "thicknesses", Hn, and the interface
nfl

dip angles, 6n, for layers with plane dipping interfaces all having

the same strike. The given or input data are: 1) the intercept time,

T and 2) the horizontal phase velocities, Vn, for direct and reversed 0on n
refraction profiles. All arrival times are assumed to be measured on

the surface and the + and - signs refer to the quantities associated with

the direct and the reversed profiles, respectively.

The velocity in the top layer, a 1' is given because it is the

horizontal phase velocity of the direct p wave (and has the same value

for both the direct and the reversed profiles). The intercept times of the

direct waves, T"I, for these profiles are both zero and the dip angle 3f

the top surface (the n=l "interface"), 6, is defined to the zero.

The computation, therefore, is started with the data from the

second interface (i.e., the first refractioi) corresponding to n=2 and S

proceeds as follows:

Compute

ANGtNP,M - 0 2 = arcsin(ci /VI)
SANGNNP,M

and obtain

01 /a2 - sine12 - sin.S(ANGNNP +ANG

a2- ci/sineu1

TE4P2 - al/(2cOsel2)

H t . T± 2E2 2

J1
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thus, we have computed o2 , P(or 62) and H.

Then, for n--3, we compute

ANGINP," t = arcsin (ct/V)

and we enter DO-loop 30, to compute

THETAP,M - 3 = ANGQWVI,M + -

AN,1NP,M = 83 * = arcsin(a2sine1 3 /°V)

- (cos 3 + cos8j 3 )/c1

TPLUSN, IMMNN = T 03 H HTEMP1.

We then exit DO-loop 30 and compute

ANGNNP,M = ANG(4P,M

c1/c 2 - sin 23  sin.S(ANGNNP + AG

(- c/sin2 3

* - S(ANG - ANGN"t4

T24P2 - a2/(2cos e2 3 )

H = ('I3 - HfTBl) TMP2

Thus, we have computed a,2, '(or ',-'2+'p2) and H2 as well as the previous

values of a2, * Pand Ht by using the data from the first two refractions,

that is, the refractions along interfaces n=2 and n-3. (See Figure 1).

For n=4, we use the above results and the data from the refractions

*' along the n=4 interface (V and Tt 4 ) as follows: we compute

ANQ'tWP,M = 814 t = arcsin ( c1/V4"

and then enter DO-loop 30 to compute

7hETAPM - 4 = ANCGN ,M

AN(W,M- 0184 + 9) - arcsin (ca sin 814/a )
24 -42/14

TEMP 1 = (cos 014 + cos

TPLUSN,TMINSN -T Hf TBT 1

IMEAP,M 0 ±4 ANG'M M~

ANG4NPM l 034 . l arcsin (0 sin @2t/a 2)

J2
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TEMP 1 = (cos 624' + COS 92)1.

TPWSN,TMIN-N = TPLVS, rINSN - H TENP1.

We then exit DO-loop 30 and compute

ANGNNP ,M = ANGMNJP,M

CL4/a3 = sin 034 = sin .5 (ANGNNP + ANGWO

a 4 a3/sin 34

*3 = .5 ANGNNP-ANGM

TEW2 - a3/(2 cos 034) -

Ht= (TPLUSN,TMINSN)TEMP2.

Thus, we have computed 4, 3 (or 64 = 63 + ip3) and Ht. We now have

all the parameters for a four-layer model (three layers over a half

space).

The data are tabulated with all the data for a particular layer

on one line in the following order: 1) the layer number, 2) the layer

velocity, 3) the dip of the top interface, 4) the layer "thickness" for

the direct profile and 5) the layer "thickness" for the reversed profile.

4 •

4 S
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WHEPINY 1Ih,51I34 osti!/84 PILL PAGE 1401

lot REFRAC 2 18 AN INVERSE PM06RAMS IT DETENMINkS PODEL PARAI4E7R4
20C FROM MEASURED VALUbs.
3C

* SOC PROGMAM NEPFRAC 2 "4AS FOR ITS INPUTS
soc (FROM DIRECT AND RKVIMSED PK PILk5)
b oc 1) 1C)NIZUNTAL PHASE VELOCITIES AND
70TC 2) INTLRCEP'T TIMES FOR EACH A4LPRACTIUN AND
Sot 3) THE VELOCITY IN THE OIR57 LAYER,.
90C
10c REFRAC Z C0OMPUTLS AS OUTPUTS
llOC 1) THt VELOCITY IN LACHi LATER,
lilac i) THE DIP !IN DEGREES) OF kACH LAYER iNTERFACE AND
1 30C 3) THE LAYEM TMICKNESSES FOR THE. DIRECT AND REVLNSL)

140C PROFILES,
15cC
loot PROGRAM NEFRAC it 10 THE INVERSE OF THE MDELLING PHOGHA"

* 170C REFRAC I

* 19C
ad0cC LIST OF VARIAMLES AND THEIR MEANINGS 5

* 210C
aRCC ALPMAWN Tht VELOCITY (ON OAVE SPEED) IN TML NTH LAYER
23C
240CC ANGN a (ANGLE(MvN)MINU$) 9 THtTAP4(M#N) - P51(M)3

* 5c a AR3SINCNTMETAM)IMPEOR(M) (SEL ON9S lo, 2d 9 38)

27C ANGPINP a (ANGLE(M#N)PLUS) W THLTAP(M#N) *Pb1(M)
260C 8 AR3IN($IN(THETAP)ISPELDk(MJ) CULL LON0S LA# dA & 3A)
290C

*300C ANGNNM 9 CANGLk(N-1,N)MZNUS) a TMLTA(Ne1.NJ * PSICNeI)
310C 0 AR3IN(SINCTMETAM)'SPp.EORNNb)) (SEE E6UATION 35)
32C
310C ANGNNP 2 (ANG1L(Ne1,N)PLU8) a TP1E7A(NmI#%) * PSI(NwI)
340CC U ARSIN(3INCThLTAV)/SPLEOR(Nm%)) (SEE EGUATION 3A)
35 DC
360C C 8 CON.VERSION PACTON. RADIANS TVU EI6MEtb 57,29S75
37C

* 16OC OWLN a THE. DIP ANGLE OF THE NTH INTERFACE
39C
400C HF4INUSCN) 8 THE LAYER WTHICKNEWU POk THE' NTH LAYLN, RLVLMSED
'610C PROFILE, (SEE FIGURE 1)

'430C MPLUSC) a THE LAYER *THICKNESS* FOR THE NTH LAYER. DIRECT
4404C PROFILE, (SEE FIGURE 1)
450C

* 00C NLAYRS 2 (NUMBER OF LAYERS) a THE NUMBER OF LAYtRS FOR WHICH
470C VELOCITILS sNILL BE CALCULATLO
"S0c
40t N4MI a (N MINUS 1) a N.I

510C NXi!LST 8 (NEXT TO LAST) 8 THE NUMBER OF Yt NLXTaTUPLAST LAYER

530iC P31(N) 2 THE Ahf*LE SETWEEN THE SURFACES UP THE NTH LAYER
54OC

*SbOC SPLEDR(N) u (SPEED RATIO) N $PEON THE VELOCITY IN THk



RLFRINV COg1T 14851334 osla.bz FILL PAGEt hus 2

560C (pN.1)II LAYER DIVIDED BY 194k VtLOCI1Y IN TH4E NIN LAYER
570C
580C THEIAM a (THETA P"INU&) a TLtYAP(INj 5 Ytit ANIPLE SiThEti. 7tH
590C ZTHSINTERFACE NORMAL AND 7mt MAY OF THE MAVE THAT MEPRACTS
boac ALONG 7HL NTH INTERFACE (N*l). THIS Ib FOR A DUNNARD.
bloc TRAViLLING OAVE, 6(5kE PIGURE 1)
bioc
630C THETAP 8 CTMETA PLUS) a THLTAP9INJ 8 SAMt AS THETA M EEPT
64OC THIS 15 FOR AN UPNARU.TNAVELLIN6 %AVtg (SEE FZGUkL 1)

660C TMINUSCN) a THE INTERCEPT TIME FOR THE NTH REFRACTION (FOR
67#OC IMI REVERSED PROFILE)
680C
690C THINGN 0 THE RUNNINS COECHEMENTING) SUM Of THE INTERCEPT TIMLI
700C USED TO COMPUTE kHINUS (SLL EOIJATION 9) FOR THE AhVEI4UED
710C PROFILL,
720C

* 730C TPLUSW a S AME AS THZNUS(h), ELCPT FOR T HL DIRECT PROFILE

750C TPLUSN a SAME AS TNINSN, EXCEPT FOR THE DIRECT PROFILE
760C

*770C VMINU5(N) 8 (VELOCITY MINUS) 9 HORIZONTAL PMASL VLOCITY PON
760C TINL REVERSED PROFILE DUE TO A RLFRACTIUN ON THE NT9I
790C INTERFACE,

Blc VPLUS(h) a (VELOCITY PLUS) 0 HURIZUNIAL PHASE VELOCITY PON
* *dDc THE DIRECT PROFILE DUE TO A REFRACTION ON TH[ NTH

bloc INTENFACE,

SWO VI aTPrL VELOCITY IN THE FIRST LAYER

860C t***~ EQUATIONS UStO**0
89C
900C THETAPCI#N) + PS1(1) a ARSIN(ALPHA(W)VMINU5CN))
910C a ANt.MNP (Mal) (~
920C
9.5CC THETAMI#N) a P3(i) 2 AiINtALI~hA(1/VFLU5(N))
940C & ANGMNM (Ma:l) (
9bc
960C 1HETAP(M.#Ni * PSI(R) 6 ARSIN(SIN(TEAP(4@IA))/SPLVI())

97CC 8 ANGNNP
96C
990C THETAM(M#N) wP51CM) 8 ARSIN(SIN(LT7AM(M1,NJ),'SPEtOR(M))
1000C ANGMNM cgs)

*1020C TMETA(N.1,M) 4 P31(Nel) B ARSiN(51N(YTMTAPCN*Z*Np))/SPELDR(N.1)J
*1030C a ANG#Nhp (MaNsi) (SA)

10'20C T)NETA(N.1,N) a P51(N.13) 8 ARSZN(SINCTHTAMN2 1 )J#SPELD(1)J
4100C ANGNNM (MU%0i I

107C
1080C ALPHA(Nw1)/ALPHACN) 8 5IN(THETACNIN)) SIN(,5(ANGNNP+AN(,NN"))
1090C a bPLEOH(N) a SPERNN

* 110C

J5



RIPRINY Cap 14'ilim~ W916 PILE PAlot hk, 3

111CC PSI(N.I) a C'bOCANSPINP a AN(.hAMJ

13C TEMPI a (CCSCTMLTAP) * COSC1MkTA"W)ALPMACMsl) )

1170C LSNl) VP LU3CbO (YPLUCS) aTPGUM(C PROP1I1UOS h (i

* 110C
120 lilacCwI a0 OUP TLM2(PN3w U R1 ON2O

* 1210C RA ALN MbMPU()E"PI() ipLL
I1ii3C

* Iioc 0 INU
1390 RE.AL VCCL AY'b)FNIN$S ,TL (0) MIU 5
14400 10 O4MTV
14110C EI OTT CLNN1
14110 RALMA1)391 PLSSO@M~~($)PL
14430 2SBLACw

14190 10 A CNI NLARS

1410C DECMA PIN I COLUMN It DL 000

1430 N2Sz N 6AYtINbwI,

1450 D. to M~ ARE N MILIUV',
140 &A 5X,'&NO LAYER TVM1lt4NL5S#LV. N M~tNS%#I.(

140 EIMLPIT VLI Y C0UMS',pl7 UAN1 9
1490 10 b1O,'INUT AA MS LLLT N

1510 V 1,I'LPC PNT PMVD LO MbV

15200

*sa 9 9UMA (9 S 'V4CIS Ak IN MttS LSC S Sp



NLFNINV CONT l'aaSI;3 ot/o/be2 FILE PAGE NU, a

1670 9100 POMMAl 1I II,2I..~11
1661) is CON TI NUt
1690 C
1700C
1710C COMPUTATION~ MODULE

1730C ALL CALCWLAYIUNS ARL PLRPORPED IN DOPLOOP U4j
1740C
1750 00 410 t432#NLAYMS
1760C
1170CC USE LGUATIUNS IA& 10~ TO FIND ANIIMNP ANI6MNM (Mal)
1760 AN(GNNP a AR3IN(VI~vmINus(h))

1790 AN14MNM a ARSIN(IIOVPLUS(N))

1610 TPLUSN a 7PLUS(N)
1610 TMINSW a IMINUSIN)
1630 NMI1 a No1
100C IF THfl FIRST LAYER'S PARAMVTPNS Ak. bLN C(0MPULD.,0
15oC SKIP DO-LOOP 30 (GOTO 350
160 IF (N. EW, 2) 6010 35

1680C DU*LOOP .50 CUMPUTES THE SUPS IN LkJUAT1ON5 d# AND 9.
1690 C
1900 DO 30 M42#NMI
1910C

*192JDC USE LGUATIFUNb 2A & 26 TO FIND T14kTAP & TI~kTAM
1930 1I1LTAP a AA.6mNP *P51(moi)

1911u TIh1TAM a ANGM P6ZA
1145C USE IGUATIUN5 ZA &. 2b TO FIND NEW AN(JMNP a.ANGI4NN
1960 ANLUMNP a AWSINCSIN(1METAP)/SPktDN(m))
1970 ANUiMNM SN(ICM A)/P14()

1990 TEMPI 5 (CUS(TMITAR) # COh(1MhIAI))/ALPmA(mv1)
ROOD IPLUbm a TPLU3N - NPLU5(Mwl)*Tt"P%
2010 TMINbN a TMINb. a MINUS(Mo1)aTLMPl
a020 3C CONTINUE
2030C
2040CC UPON EXITING 00-LUOP 10o ANGKNP A A46MNM ARE (S5k LUNS JA & 30)
2050C TopLTA(Nv1,N) *.0 PS1(hol)o NtSPECTIVtLy
20(scC (THAT IS, ANUNNP 16 ANGNNP, ktbPLLIIVLLY)
207C
2080 35 ANI.NNP 8 AN6MN*'
2090 ANiNNM 8 ANIDMA."
2100c
2110C 05. LON '4v FIND SPLEDRCN) a ALPhA(Nv.U/ALPMA(%)# 74'N ALPMACN)
21 Ro $PtDXN a S!NCU.5*(ANGNiNP # AN6N~N))

21140 ALPMA(N) a ALPHA(MMI)/SP.UNN
21ocC

42100C U51 b4UATIVN 5 TV FIND PSI(Nol)
2170 PSI(NMI) a 0.5*(ANGNNP - ANGNKP)

2190C U51 EGUATION5 a & 9 TO FIND0 PPLUB(Nals) & "MINUS(Nwi)
2200 TLMP9 a ALP"A(NM)(2@*SUEIT(1 a SP~ukNN.PEUNN)2
zel MI P4USCNm1) 8 TPLUSNOTEMPi
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2130o 60 CCNT1INUL

245C****** OUTPUT PM1IWT MODULt **

2170 PRINT 9500
*22160 9500 FORMAT (1M0,i'/.IOX.'aa*ae (ALCLLAILL) k1.SULT5 B*'j

2290 6 SX#*1hL WAVE VLLOCITIt.bD INTLHFAt DIPS A'ND
2300 & 'LAVER THICKNESSES*#//#
91310 & x#,LAYt4 hue VELCC17Y DIP CDL16) M.%8x.",f.)
ajaoc
aiio DLLTN a 0,0
2360 C x 57629s7b
2350C

*2300 00 50 Nx1,NX2LST
2570 PREINT 960ONpALPMiA(N)DEL7ND$4PLU5()MMINLSIN3

*2550 9600 FURMAT CZIQ#9XFo,3#3!10.1 0
2390C CALCULATE DtLTMi CONVERT ANGLEV*PROM RADIANb TO DLGNEkb
3600 DELN 0 C*PSZCN) + OILTN

*2610 b0 CONTINUE

2430 PRINT 9700#NLAYRSALPMACN6AYNU3,DLTJ
2640 9700 FORMAT (1g~P,*1..//

*2650 STOP
2460 END0
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APPENDIX K: CROSSHOLE LISTING

SCROSS losaa! 4 Oslas/se PILL PAGE NUo I ...

10 CALL PPARAM(I#8C)

20C T70S PROGRAM *Ab wRITTEN BY GEORGE k, SKOGLANO AND CHLLEU
$OCe************ CROSSNOLE SEISMIC INTEWPRLTATIUN ***.a*,*a*,b..Oa
OC AND PODIFIED BY UPAIN K, BUTLER (1977) TU HELP

SOC DEVELOP A PLAUbI"LE TRUE VELOCITY INTERPHETATICN FkOM THE APpAWELT

6OC VELOCITY PROFILE 4EASUkEO IN THE FIELD BY CROSSHULE SEISMIC

70C TECNIUUES, TKAVLL PATHS ARE ASSU"ED TU u GOVERNED BY SNtLL'
dOC LAW OF REFRACTIU

r
.,

9C FROM THE INTERPRETED TRuE VELOCITY PROFILE, A COMPUTED

IOOC APPARENT VELOCITY PROFILE IS DERIVED FOR COMPARISON %ITH THE

11OC FIELD MEASURED DAlA. IN ADDITION. AN OPTION IS AVAILABLE Tu
120C INPUT ANY TRUE VELUCITY PROFILE FROM HZCH AN APPARENT VELOC'TY

130C PROFILE CAN BE CONbTRUCTED AS A FUNCTION O A SPECIFIED HOLE

140C SPACING AND DEPTh INTERVAL CONFIGURATION@

150

17oC USER HINTS (JULY 1977)
too
190C 1, THIS PROGRAM CAN tE USED FUN SHEAR *AVE AS wELL AS COMPRLSSIOK
200C WAVE VELOCITIES,

210

220C 2, THE FUNDAMENTAL INTERPRETATION CAPABILITY OF THIS PROGRAM I

230C BASED UPON THE MEASURE#ENT OF ONE TRUE VELOCITY IN EACH VELOLITY
240C LAYER, THE oIDEST POSSIBLE HOLE SPACING THAT WILL GIVE ONE •
2SOC MEASURED TRUE VELOCITY IN EACH VELOCITY LAYER IS PREFERRABLE TO
20OC A CLOSER SPACING, BECAUSE ONLY APPARENT VELOCITIES DEFINITiVeLY

270C ESTABLISH VELOCITY LAYER INTERFACES, IN ENLkALp THE IDEAL UATA

280C BASE FOR EACH VELCITY LAYER *UULV HAVE TWO APPARENT VELOCZTALS
290C RELATIVE Tu THE SAME INTERFACE AND ONE TRUE VELOCITYo

300
310C 3, THE INTERPRETATION OF A PRrFILE BEGINS AT THE HIGHEST GEUPHONt
3iOC AND PROCEE05 DUONRARO, UNLESS OTNERZSE SPECIFIED. THE FIRS' •

330C VELOCITY IS ASSUPEU TO bE A TRLE VELOCITY wITH SUCCESSIVE

340C VELOCITIES THIN SCRUTINIZEO FOR INTERPRETATION UNTIL THE NEXI
350C TRUE VELOCITY IS E'.COUNTENEO, Ir4 CONLLPT, THE PHUGRAM MOVES'OORN

36uC THE PROFILE FRCM TRUE VELOCITY Tu TRUE VELOCITY %ITH ANY NUMOLR OF

370C APPARENT VELUCIIES CUR NONE AT ALL) IN BETWtEr ADJACENT IRUL
360C VELCCITIES,
390

4OOC q IF A FILDL mEASuRED PROFILE (iDES NUT CONTAIN A MEASURED IpkukO
410C VELOCITY IN EACm VELOCITY LAYER, THE OPTIUN TC INPUT A TRLE
4iC VELCCITY PROFILE LAN GENERATE A COmPuTEo APPARFNT VELGLITY PKOFILL

430C THAT PILL COINCIDE PIT" THE FIELO MEASURED PROFILE IF THE
44OC HYPOTHESIZED TRUL VELOCITY PROPILE IJ A VALID POSSIBILITY,
4bo

460C S, AN IkPuT OPTION IS AVAILABLE TU SPECIPY THE ULEPEST TRUE

470C VELCCITY, SINCE MUST oUkEmCLEb tND AT A HARDER kATENIAL THAN

4480C ENCOUNTERED ELSE-MERE IN THE PROFILE, THE MINImUm TIME PATH AT
490C THE ROTTOM OF TOI BOREHOLE PROBALY GOES OEEPER THAN THE bONEHUE

OOC DEPT", THE DEPTe TO THE LAST VELOCITY MAY ALSO BE SPECIFIED IF

s1CC A DEPT" GREATEk THAN THE DEEPEST GEOPhONE IS DESIRED,
520
5300 t TRAVEL PATHS AOL ASSUMED TO bkGIN AND END IN THE SAME VELOCl!V
SNOC LAYER, ALTHOUGH NOT NECESSARZLY AT THE SAME DEPTH,

SKS
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SoOC 7, MOLE COORDINATES ARE NORTH POSITIVE# LAST POSITIVE# AND LEPTh-
570
S60
590C FUTURE IMPROVEMENTS
600
61C 1, PROVIDE FOR A TRAVEL PATH TO UEGIN IN ONE LAYER AND ENO IN
620C THE ADJACENT LAYER, THIS CAPABILITY OILL ALLOW P0O MORE
650C SOPISTICATED SOURGE-GEOPHONE AND MULTIPLt GLOPONE CONFIGURATIUN

6O
6SOC 2, PROVIDE FOR A SPECIFIED INTERFACE SLOPE, 0
660
670C 1, PROVIDE A MODEL TO (ENERATE A MEISSNER WAVE FRONT UIAGRAP
b8OC FUR COMPARISON AITH A MEISSNER mAVE FRONT SURVEY TO HE
eeOC CONDUCTED IN CONJUNCTION WITH THE CNOSSNULE SURVEY.

700
710C 4, INCORPORATE UPHOLE TIMES 10 AID IN THE INTERPRETATION AN&v TO
720C PRUVIOE VERTICAL WAVE VELOCITIES (IN A SIMILAR MANNER TO THE-
730C US, BUREAU OF MINES PROGRAM FR REFRACTION SEISMIC PROFILIN4) •
740C FOR CROSSHOLE SURVEYS,

760C**** PROGRAM INPUT *.*a..*ea.~.*~.h*.aee**'e*
770
760C FIRST CARD a FORMAT (12Ab)
790C 1.72 DATA IDENTIFICATION
800C "

820C SECOND LIST - FORMAT (d150 lo,0,215)
530C Iw5 INPUT OPTION COOL
640C 1 FOR ARRIVAL TIMES
850C 2 FOR APPARENT VELOCITIES
860C 3 FOR TRUE VELOCITY PROFILE AND ARRIVAL TIMES
870c 4 FOR TRUE VELOCITY PNOFILL ANU APPARENT VELOCITIES

68OC 5 FOR TRUE VELOCI1Y PHOFILE
690C 6*10 STORAGE KEY FOR USE WITH OUTPUT OPTICNS S
900C I1*5 OUTPLtT OPTION CODE
910C I FOR TABOUM*APPARENT VELOCITY AS A FUNCTION OF MOLL S
920C 2 FUR SUMARY
93oC 1 FUR SUMTWU
90C 7 FOR CARRYING OVER THE PREVIOUS TRUE VELOCITY PROFILe
9OC lbet? TYPt OF SUMMARY TAbLE DESIREU (FOR USE ,ITH IUPi:')
960C 1 FOR PARTIAL SUMMARY THREE HOLE SET

970C e FOR FULL SUMMAPY 7"KEE HULE SET
9duc g920 NUMhER OF SHOT NECORU5 PER HOLE SET
990C .0460 HOLE PAIN AZIMUTH
100CC 21s30 HURIZONTAL DISTANCE UETWtN BO4ELMOLES
loC AIeSO FIRST LAYER TOUE VELOCITY (IF NOT DEFINED bY THE DATA)
1020C S160 DEEPEST LAVER RLEL VELOCITY (IF NOT DEFINED bY T'E UATA)

ICOOC 61065 DEPTH TO THE DEEPEST LAYER (IF NNOkh)
1040C bb-7O NUUMEk OF TRUE VELOCITY LAYERS FOR INPLT OPTIQNb 6#4,5
10Cc 71m75 GEOPHUNE SPACING (FOk USE oITH INPUT OPTION b ONLYJ
1060C 70.O OUTPUT PUNCH UPTION (FOR UbL mITH OPTION b)
1070
O80C THIRD LIST " FORMAT (OFIOO)

1090C 1.10 SHOTPUINT OPTN (LOCOOHDINATL)
1100C lIv2O SHOTPOINT LOCAL XwDkVJATI0% (NONTM CIRECTIuN POSITIVE)

K2
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CROS5 COhT 1012'd:4 0O5/28ldd FILE PA0~ NUJ* 3

111CC 21-10 SHUTPUI.T LOCAL YwOkVIATIUK (tAbt or.WECTION #UblTlvt)
1120c 31-40 GEOPMUNE DE.PTH Cl.CUUNrINAIE)
1130C al-SO UEOPMO'ly LUCAL I.OEVIATION
1140C 51060 GEOPCJNE LOCAL Y.oIVIATIUK
1150C 61w70 ARRIVAL T1l'E, SLCONUS (FOW U5t *17H~ INPUT OIJ1UN I ANU 3)
1160C 71ad0 APPARENT VELUCITY (FUN tiSE ^ITH I".PLI UPTIUK 2 AND 3)
1170 CoMM4UNh1NYFUT/S(5O2OiG(O#u2QSC5QiO,#Oc5o,2o,
1150 & 5PGS(S0,20) ,DPG3(5Uoi20) T14(50.Z0)sVA CSU~iC) ,DPtSO,20)
1190 a *SX(50),SY(50).SZ (50 ,GX(Sfl),GYC50),GZ(501
1200 C(JiMUN/OOTPUT,#VL cdQ,20),DL (2U,20).SVL(2U.d0),N (lO.20),TT(6)
1210 6.eVCC 2 002O)
1220 COMMUN /CONSTA/ OELGSV*'TRSTVLASTsULLAST#TTLk
1230 CjwARACTEW*2Mf DINCI)
1235 CtIARACTLR*o0 TITLE
1200 DATA DINC2)/Ih;/
1241 rSTATaO
1202 Go TO 2
1203 1 CALL OLTACmClIbTATv)
12b0 2 PRINT 10
1160u to FOHMAT(NENTI4 TME NAME OF THE DATA FILL YOU sAN~T TO PRUCL300)
1270 READ 820#OIN(1)
12b0 ZFCDINCI)*EU*8h )GO TO 999
1290 CALL ATTACM(IvDlN#5,0#ISTAT#)
1300 820 FORMAT(V)

1320e DATA AFAC / 0,0k /P CPAC I0005
1330
134 0 PRINT 895
1370 REAU(1,600) TITLL
1380 HEAC(1.810)L1N,1OIo,~.IOP2,ISUmmU1S1 ,ALIMtVpIRSTPVLASTCLLAST.1PAX,
1390 & DELGS#IPON
1010 Ip(N~kuo.0 Na1
1420 IP(IOP1.LU.0) (.0 TO 250
1430
1000 DO 200 I:1.20
1050 DL(1,'4)30s4
1lo VL(IoN)9090
1470 SYL(I#N)00.
1060 200 KCIN)0O.0

1500 2b0 IF(m,GTJMAX) JMAXUm

1520 IF(UI,1.L0,) GO TO 41U

1550

1500 410 Ip(lup2.euvo) &0 Tu 501;
1570 IFC1OP2.E0.1) CALL TAMOiP~ CmImAX)
1580 IF(10P2*EW.2) CALL SUiNARY (JOAX,ISUIP)
1590 IFcIOP2eEU,3) CALL SLmT*C (Peh)

*1600 IF(IOP2,E0.7) CALL CARkYC ("pN.LKIMAX)
1010 J"AX8O
1620 ZF(JOPI.LQ.0) 60O 70 1
1.30 GO TO) 600
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CROSS CUNT lo1at 4 05128184e FILL FAUL N69 4

* 16SO 5IUO IPNIVP1.LUl0UN.IEQPl.9U~) LALL CONTkU (I,J,P,N,IMAXeAIAC) -

1670 600 CALL OPHINI i IjM.ND1MAX.SNOFD6SNODCfAL,1UP1)
1660
110 CALL STATS CM#SNO9.DSSNDJ
1700
1710 1 CIPUNEQ.1) CALL UPUNCH CM (RNvPAXpDIST.AZIP0)
1720
1730 so TO 1
174I0 800 FORmATCA64)

*1750 810 FORMATCv)
1760 89S FURMAT (19.1)

*1770 9q9 STCP
li17u END

* 1790 SUBNOUYINLMINPUT (I(IPINI0Pi!,MOI6T ALIM9. 14AX)
1800
1810 CO.,MUNIINPUT/D#O,20) ,DG(50,203 *SS(b0.20 ) SG (530203,
1a20 &SGS(%(l2),DPG5(5020),JN5020),VA(S,e0J,0PC5tJ,20)
1630 & ,5XC50),SYCSO),SZ(5O),G;X(%o) ,Gy(5) ,GZ(50)
104 C0OMON/CUTPUTVLC2U,20),oLC2Q,2Q).SVL(ie0,203,K (20,20),TT(63
1850 XPVC(20120)
1860 COPMON /CONSTA/ OLLGS#VFIRSTPVLA$IDLLAST,TITLE
loot CNARACTLR*60 TITLE

* 1870
lo1g8 PRINT 51, TITLE
16390 bl FiRNA1(T2,OCR0SSHOLL DATA wm*Ao0#//3
1900

1910 PkINT 800, DIST
1920 600 FURMAT ( 5X,3oI'DRnIZ1UNTAL DISTANCE dtTwEN HCLES 15p~b,l,/4j.
1930
1940 IFcIOPI.Nt.b) Go Tu 600
19b0 GZCI)ZOLLGS
1960 SZ(1)EDELGS
1970 00 500 Jaeom
1980 b1(J3USZCJ1l)+0ELb
1990 1300 G1(J)mGZ(J-1)#DkL.S
2000
1010 600 PRINT 810
2020 810 FORmAT(oX,S1iDLPTm, .obMDIRECT,1X.7NAIMIVAL,~x .8I0APPANEN1,
2030 &SX,9"mS940 hOLE.5xfbHtU MOLL,/,2iA'41'Smn1 .i4K,3I'i(L,2X,

*2040 6MISTANCk.1x*d6MTIPQELO,0t4EO,SAULv,3X5,.YDv,
2050 %1X,SnA.0k v,3XibHV.OEV//)
2ubu
2070 ANGLkv0.OI745OAZIM
it0b0 XFPACU0IST*COS(ANGLE)

* Z090 YFAC8DIbT*SIrw(ANGL)
2100
2110 00 100 Ji3,1'
21420 

. .

1esf XcJ)z0.0
2140 SY(j)SZ),0
2150 GX(J)80.0

*2160 100 6Y(J)'-,0~
2170
2180 IP(ILPI.L0.5) GU TO 100
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2190 Dc iso Jupy
2200 1H1JUl.t,,U.U,k.J) WtAO 1D ~ 1~ZJ.AJe,~~I)
22 10 6Xa.GYJ
22?0 ktLCP1~..9~IP.(.1 4AL) (1,03(4LlN.S2CJ).bL.j).by(JJ,&LCJ),
2230 16 (GKCJ),(6YhI)
22I0 250 CONTfIUE
2245~ DO b JvIM
22'i0 IF Cz0PlE.LG1OHIUP1.LU.3)ReACC1,820)LINTNCJ,N)
12260 IF (IOP3,L(2.2,OR,IOF1.E.4) RLAV(1,820)LNVAJ,N)
22b% 6 CONTINUE
d20 IFcI0Pl1.e,2Uk.Iu)Pl.k6,a) GO TO 3oU
2280 DU b Ja11 m
2290) 5 7R(JoN)Z7RCJN)/1000).
2$00 30u Do ien0 Julp"
2310 0I(.S(J*N.)GCJ)-bl(J)
2320 SIWSJN):CGX(J3*hFAC.Sx(J) )*(GXCJ3,XPAL..1(J))
2330 Cs(J o(Y(sACb()
2J410 SFGSCJoN)8SURT(S2Gb(JNfl
2350 SScJvN)8O0
2300 SG(J,N)2SS(JvN)#SF6(~6J,h)
Z370 DS(JN)8SlCJ)
2380 OG(JvN)gGZCJ)
2390 NYPOSU.DFGS (J,N)*tGF~S(JN3.$ IiS(JsN)OSFGS(JN)
24D00 DPCJpN)ZSQRT(MYPOS4)
2410 1P (I0PI,EL,l,OR.IU)PI.LO.3) VACJ,N)V0P(J#N)/Tk(J#N)

* 2i120 o ~ IUPlEU,2,0O(.1UPl,LwQ2 TH(J#N)XVP(J.A.J/VA(JfN)
24130 P lUPI,EU.5) VA(JA.)20 0 0

i~adiu IFIOPl~kU.5) TH(J,%rU.0
24150 200 PRINT 640v DSCJN),DGC(JN).DPCJ.N3 ,Tk(JN) eVA (Je'k ,SX (J) ,SYtJ),
eabo8 k GA(J)#G'f(J)

24180 6U1P.A.,(HI:lL, T~ O 90U
241 READ (1,850) LNCLIN,~,~A1

2SIU dbu FORMAT (//,i~lSPfCZU10 Tikut VLLCCITY' FINU IL t )
2520 PRINT O80
25jo 0O 4100 121#1.AX.I

2S4u 4100 PRINAT 66, L(,13#L(,
25b PRINT ObS, VL(IMAA.\)
d560 eOeb fURMAT (2UAF4,1#/v4U3A,'Q.j)

2bgO 900 CUKTINUL
2boo IFCVFIPST.GT.0,0) PWINT 672, VFIliST
Zol1' IF(VLASTGT.010) PWINT 674p VLAST
2o2l, !FCOLLAST.G?,O.0) PkINT 87o# OLLAS7
260u RLIUWIN
26410 872 FORMAT (lv10X.b0T't FIRST LAYt.R TNLL Vt.LOCVTY *AS SPECIFILU TO bt

203 & F8,0)
200(1 674 FORMAT (l,0XvS%2"TmE DLEPLST LAYLR T1kUt~ VLLUCIT, 'eAS SPECIFIED 0 T

2bo H. Fts.u)
2b80 67a FORMAT (11,%1mT4Q DtPTi. TO 1"t ULLPkt, LAt &~AS 64LLIIILD TU ii

e700 fai0 PoNMAT(VJ
271(j o314 FUR44A7(v)
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2720 8460 FUamAT (1~.,0F.,1,blt2I74. nF,,~4

Zidl0 asQ FOI4MATC'd3
27so EN
2760 SUUN0UY114L C0NYRU (J,J.P,N.IMAX,AFAC)
2770
2780 CUMP40NuINPUT/DSC'5o.2C 0O(50.2u).S3Cbo.20O).SG(!b0.20)
2790 16SFGS(S0,20).DFG5S020) .TN(SQ.20).*ACgolO),DPt~o,2O)
2800 COI0ON/UTPUT$VL(20.20O) ,LC2#20l),SVLC2O,20).K(20,20).TT (8)
2010 COMMON 1CUN5TA/ 0tLC6#V5IRTVLAS1vOLLA51,TI1Lt
42611 CMAH5ACTEM*60 TITLt

2830 PRINT 110,7ITLE
2840 110 PORMA7 (j'i/.TZ#"CRU5SNULE UIAGNOSTIL o'#AbO,/'fl

2860 Jul
2870 Jul
2880 XFCVFIRST.LL.o0) (.0 70 300.
?690 IFCVFIRSTOG7.0.0) PRINT 810, vFIRST
2900 810 FORMAT C 2X#S94C;AUTION a THE PIRS7 LAYER TRUE vLLUCZTY *AS bPECIF1
2910 &ED TO BE op7*0)
2920 IF CVA(1.N)/VAC2,N).(.T@190AFACAND.VA(1,N)I'VAC2,N),LT,1.0,APAC) 60
2930 16TO 100
29460 Go To 700
2950
2960 100 PRINT 620, VACIN),,(C1,N).VACIpN),16C1,No)
2970 820 FURMAT(11K.I8Hm0~kVLN, SIN~CE TmtpF7,.Op3 AT#Fpo.1#21" 1S APPARENTLY
1980 1A TRUE112XSMVEL0CITY, 7INL INTERFA~k b~wfEii Toot 5IPtCIFILid FINST
2990 &LAYER/I2M.17MRUt vELOCITY ANU,F700o?2- M4AY lIE 64~ALL"Ek 71AN,t,
3000 610PH. C~4tCK12X#45H~lbMJC REFRACTIUi DATA FORM TMJS PQbSIFBLLITY,)
S010 300 II cJ*LC*m) .0 To 400
1020 IFcJ.G7,M) R4ETURN
3030 ANaVA(JON)/YA(J+1.N)
30460 IFcAR.GT.1.0m-AlAC.AND).AM.Ly.1,U.AFAC) GU T0400
30,20 JF(ARvLE,%.0.AFAC) GU 7U 700
3080 IF(ARGL.1.0*APAC) GO0 TO-200
J070
3080 4500 VL(I#N)uVA(JIi)
3090 SvL (I NJ8bVL(ZN)+VL (I ,N)

3110 IMAX81
3120 J3j+1
3130 GU TO 300
31460
31650 200 CALL UPTIME (1,jMN#!MAX)
31oG GU TU 300
3170
1180 700 CALL DOONTM(IpJ#M#NIMAX)
3190 Go TO 300
3200
3210 RETURN
3220 END
3230 SUBROUTINE U4FTIMkIJ#MNI0AX)

32so CUYMNINPUI.DS(6yo.2),0(.(50,20 ,SbS2.O3 ,)SG(bSj,20),
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3a60 t 5FGS(5O.20),DFGUeg20)TW(5Upi0) VACbU.~OD eDPt50.dQI
300O C0OMON#OUTPUIIVL(ia.20),0Lt20,20),5VL C0a90),K(2DZU)
3260
1290C **. LOCATLS ZN~TWNACL FOR VLLOCIIIL DEChtAbING %ITM DEPTto
3300
3310 IF(OGCJN).LG.UGf(J*1,N~.ANO.03CJN)sLt9WaCJ.1,N)) 60 TO 260
3320 JOI
3330 205 JU~mj6J
3340

l30 PRINT 200# ZjpjB
3370 200 FORMAT C25X,.LXLCUTION CMLCK sLAytkloI3.' DEPTIHOIjb
3380 & UP*1.

3400
3410 VL(IN)8VA(J#N)
3420 VLCI+1Ik)mvAcjuu#N)
3430 DL(ION)$TR(J#1,N)
3440 ADJ3038,LLIN)*VL(IN)OVL(1,1,t4)aVLt1,1,N)
3450 ADJMSQRI(AOJSU)

* 3460 DL(Z.P4)OLCIN~n8FG5CJ91 .N)IL(IN)
3470 DL(IpN)BOLCZN)aVL(IN)/AOJ
3060 DL(ZNUO,S*DLCIPN)*VL(I11N)
3490 DLI(ZN)80L(INJ.D.SaDPI.Stj,1,N)
3500 DL(ZN)UDG(J,1,N)oDFGS(J,1,N).OL(IN)

4 tl10 IF(DL(IN).GTOD(JN),AND*0L(ZN),LE.OGCJ.1,N)) Go TO ib0
3520 IFCJUU.LQM) GO0 To 260
3530 IFCVA(JUU,N).LT.VA(JUU*IN)) Go T 1260
3540 edl
3550 Go O 10 2u
3561)
3570 260 IF (DL(IN).GT*OG(JN),AND1 VACJN)*EW.VL(IN)*hND*
Vido &VA(J.IDN).EU,vL(1.IDN)) PRINT 527p DL(I~k)#Q(JvN)#ULIN)
3590 IFc0L(I.N),GT,06(J*1 ,N).OROL(l.N)sL1..W6CJN)) OL(IN)bDG(Jfl*)+lo0
1600 SVL(Ieo.)*SVLCIN)#VLCIP)
lblo K(1,N)SK U.N)41

3630 SVLCZ.1 ,N)USVL(I1,N),CJba13*VL(II,)
3640 ImAxal
3650 121+1
3660 jzjj&4
3670 527 FoHmAT(T3#,CAUTIN - T"E INTL0FACE, ALCLILATLC TO ML ATO#Fogli
3680 &/TSCOULD IbL ANY"MH.RE BE0TLS',Pbo,1. AND*,Fa,1)
3690 RETURN
3700
3710 260 PRINT 550. VA(J.,0GC~iJN)A(J1,hJ ).(J1.~.)
3720 550 FoRmATCT3,CAUTIUIN v Tmt*,F7,0#' AT 6LUP0UN L PTM',P6,1,
3730 &'AIL THL',F7*0#/IAT GLUPMONLk DtPTf#',O.1. SHOULO bt~ LfAUAL.:)
3700 VL(Z.N)OVA(J#N)

6 3750 5VL(IpN)xSVL(ItN)+YLCIN)
3760 K(I#N)UKCI#N)*l
3770 JUJ*I
3760 RETURN
3790
3600 END

K7
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3810 SUHROUTINE OPO"NTM( i JM4#,IMAX)
3620
3630 C0.'MON/INI'OT/DS(5u,#20) ,CGCSO.20).SSCSo,20).SGt5O,0ej,

3850 COMN~JPYV R#U#L2tO,SVLC2O.20),K(20,20)
3660 COPMON /CON5TA/ DLLL.8VIR81PVLASTOLLA31.TI1Lt
3861 CHg*RACILR*6O TITLE
3870
166C LOCATES INTERFACE FOR VELOCITIES ItNCkLASING RITO DLPT04a.'a.a
3690
3900 JAil
3910 705 JJJmJ*JA-1
3920
3930C *ae~iea~ae~a~g*a0aeeeaeeeeaae*a*e~*
3960 PRINT 200, 1 1 j#JA
3950 100 FORmAT(2SX.'EXECUTIOh CmECK 6 AYER',13,' D EPTNI3#
3960 1 s DOWN,0I23
3970C *a.j.a.a......,a~.,.aeoe.eeee'aooe*
3960
3990 VL(I#N)sVA(J#NI
4000 VL(J,1.N)8VA(J+JAfN)
4010 IP(IEg.1.AND.VFIRSTGT.,,AND.JIGfl VL(ION)t VPIRST
4020 IF (J+JAoGT@M*ANO*VLASToGT*0o0) VLCIOI ,N)BVLA3T
6030
6060 OL(IN)mTMCJJJvN)
40S0 ADJbU3VLCI*1,N)*VL(I*1 ,h).VLCIN).VL(I N)
4060 IPCAOJ30,LE.0,0) PRlINT 'J01, UG(JoN)
'6070 ADJESCRY(ADJSUd
6060 0LC1,PN)aDLCIN)eSF(iS(JN)/VL(I.1 ,N)
4090 IFCDLCI#N)&LT@0.0) PRINT SOS, UOh(jtk)
6100 DL(I#N)*DL(IVN)*VLCI,14N)iADJ
4110 DL(I ,N)20@S*0L(IvN)*VL(I ,h)

4130 IF(OL(Ith).LT.O.0) PRINT $05, UG(Jot.)

'4250 DL (I N)3OLC1.%),0FUTh(JjjNIDbCJjj.N)
'6160 IF (OGCJ*JAN).NE.0G(JJJN),AN.@.L CIN2.LL.DG(JjAN).AN0.
4170 &. DLCI*N),GT@UG(JJJ#N)) GO TO 720
6180 IF (DGCJ4jAN),LQ.DGCJJJN).AN0.0LCI,'NJ,LL.U6CJ$JA,N).AN4D.
4190 & DLCIN).GT&0S(JJJ#N)) G0 TO 7U0
6200 IP(J#JA.EU.M,ANU.VLASTGT*0,0) G.O TO 710
6210 IF(J+JA*GE.,M) 6O TO 7801o
4220 IF(VACJ+JA#N),GT,V&(J#JA.1.N)) GO TO 7b0
6230 710 JAnJA*1
6260 GO TO 70S
6250
6200 720 1P(JA~tU,1.ANDJ+2sLL.m) CALL OTCHEA (IpJ#MN#~JA)

6280 760 1PCJ+JA.CiT.m) Gu TO 190
6290 IP CDL(IN),LT.DG(J*1,N).AND.VA(JN).LQ.VL(Iph),AND,
6300 aXVA(J#1,N),IEioVLCI,1,N)) PRINT 527# UL(1,p4)#DL(IN)#OG(J*1,N)
4310 XV (J.JA.LIU.m.ANrD.DL CI N) .GT.O6JJAN)J PRINT 525
41320 1,DGCJJJN),VACJJJN),VACJJAN) ,OG(JJA.N)
4330 IF CJJA.LT.MAND,OLU,#N).GTDI6(JJA,N).ANO,
4340 a.VACJ+JAVN),GT.VACJ+JA#1.N)) PRINT S30, DGCJJJ#N)pVACJJJN)f

K8
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43s0 VA(J#JA.N) ,D(JJAN),VACJ4JA41 ,N),OG(J4JA,1 1 N)
43 60
'1170 I(DL(1DN~,GT.O'4C(JJA.N),OR.DLCZ).L1,O(I(JJJN))-0
4380 &DLcIsth)xOGdJ#JApN)
4190
4400 IP (DL(1,N).G1.USCJ.JAN).OSoUL(1,N,.LT.USCJJJ,.).ANU,
4410 & DGiJ#JAPN)otG.06CJJJIN1) OLCI*N)sDSCJ*JA.N)
4420
4430 790 3VLCZN)vSVL(I*4)6jA*VLI.(iN)
4440 K(ION)*I9(IDN)*JA
4450 ImANUI
4460 IF(J.JA.GT,M.ANOVLAST.GT.O.0.AND.0LLA5T,.T.0.0) G~O 70 600
4470 151+1
4460 Jj.JA
4490 RETUWN
4500
4510 600 PRINT 81o.DLLAST#DL(ZN)
4520 IAm+
4530 SVLCIMAX#N)aVLAST
40 iCCIMAX#N)al

4550 JjjJA
4560 RETURN'
4570 501 FORPMAT (713o*AT (,LUPHONt V6PTMevF6.,# NLSATIVL VELOCITY WFERENLP
080o ICEP)
'4b90 503 FORMAT CTl3pAT GLOPHONL DEPT94'oF6*l,',# NEWATVi TIME PACT0"t)
4600 5012 FDP14AT (713# AT GkOPHLINE DEP7H#.,*,v NEGATIVE DEPT" FACTOR*)

44610 WS5 FONdMAT CT3#*CAUTIUN v AT GEOP14ON DEPM'#Fe,1,f Ymt',tf,0,f,
4620 44 COULD BE APPARENTpT13,?AND ONt Tht*,P7.0
4630 945otOULD BE APPARENT'*)
4640 527 FORMAAT (T3p 'CAUTION - THE INTERF~ACE CALCULATED TO BE ATPFbl/' GO0
4650 &ULD bk ANYMENL HTP,.Nt#F6,1,f AN*#Pbol)
4000 528 FORMAT (13.'CAUTIUN - AT GEOPPEONt UEPT'@F6@1#po IF TN'P,. 15
4670 &. A CORIEECT VELOCITY ',,T13pTMEN THE '#F?*0,*AT GEOPMOKE UEBTMOO/
4680 6F6.1,. 15 EITHER APPARENT 0ON INCORRtELT,'2
4&90 b30 FOJRMAT C 2XP2T7iCAUTION a AT GLOPHUNL OkPTHf6.1, 4M TML#F?.Ut
4700 G lam' COULD BE &PPAktNT*/,l2X#10HANO1 TMEF7,0* 3M AT#Pb.1e
4710 16 7M4 ON THE,f7,0,/3h AT,F6sI.14M ARE INCORRELCT)
4720 810 FORMATCUXeCAUTI0ri * THE L OPIM TO THE "16M VELOCITY LA'VLN bLtEATP
4730 &Tmik f,/X,* DkEPk. GLUP14ONE WuAS SPECIIE TO btPP1 1
4740 to AND CALCULATED TO BEL f,P7,1)
4750 END
14780 SUeROUTINt OTCMEC C1,JjNfJA)
4770
4780 CUPMON/INPUTID'SC50,2i .DeGCSO.203 ,58(50,eo).sG(b0.ui)
'1790 L. SFGS(%g.20) ,oFGSS0,O) .TR(5Q,?O) ,vA(5,0,~) DP%*50.d0)
4800 CUPMONIOUTPUT/VL(20e20),DLC20,Z0),SVLC20,Q0),K(?Oe2Q),TT CS)
4810 CD'4MON/CONSTA/PELGS,VFIMSTVLAbTDLLA5TTITLI
4811 CeiARACTENboO TITLF

483UC a"CHECKS DUW.NTm I'.TLNP~l4TATtON FOR POSSIBLE AMIIIGUITILS AND
4 ~4840C ASSUMELS THEt SIPLIEST INTERPRLTATION aa.o..'a*a

48su
4000 IF (VACJN2.GTVA1Ji2.N),0OVA(J*1,N),GTVA(J*2,0)) IETUkh
0870 IF (DS(J*I,N).LT,U6(JN)ANDDGCJIlt.).(.T.DGCJ,N)) NETUN

468

K9
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0690 LEO
4900 ZPCJvLQ*1) L21
4910 IF cL$E.610AKO.FINSTqG1.QO) PIZN7 526#DGC1,N)
4920 Sib FORMAT (I Xo641N0Tto-THE FIRST LAYER TRUE VLLOCITY 'tAS NOT SEI
0930 &EULAL TO VPIIMT./7XD52HCMkCK SEISM'IC REPkACTION DATA FOR P0631di.E
0900 &INTFACki7X#2SMAT A SMALLID*ER WEIN 7MANo.gj)
0950 V2C*IUVA(J+1,N)
0960 V3CIUVACJ+2#N)
0970
0960 DiMtNuTRCJ+1.N)
4990 A0jS~wV3CH4aV3Cn.V2CH*V2CH
5000 IPCADJSQaLkq0.0) 60 TO 728
sol0 ADJESURT(AOJSJ3)
SO20 60 TO 729
5030 728 AOJaO.0
S000 729 CONTINUE
5050 021smOe2MN.SFG5(J#1.N)/V3CM
5000 D2IiNxO2MN*V3Ct4/ADJ
S070 DiMN*0,5OD2MN*V2CH
5060 DZMNnu2MNo0.5*DFGSCJ,1,N)
5090 D2MNOO2MNOPGSC(J.1,N),OSCJ.1,N)

s110 IF (DG(J*1 .N),Nt*OG(J.2,N) .ANU.2MNGTf,26iCJ,1 N),AND*
5120 16 D2mNeLTDG(J*2#N)) PRINT S29, OGCJ*1,N)#VA(J*1.N)
5130 IF (DGCJ*1 .N) *EU*G(J+2.N) .ANO.D2MNGToI.S(J.1.N).AND,
5100 a D2mN,LTgDSCJ#2#N)) PRINT 529, DSCJ+1.NhPVA(J*1,N)

5100 730 IF(Jo1.EQ.0.OROI"1.EU.0) GO TO 770
SITU IF(VACJ-l.N).UT*VACJ.NJ) Go 70 770
51"0' IFCVLI-1,N),4L.VACJ.1.N)*OR.VLCINJ,Nk,VACJ,d)) GO TO 770
5190 jujo1
5200 Intel

5220 770 VICNUVA(Joh)
523t) V2CMXVA(J.2.tN)
5240
52S0 DPEXETH(J+IPN)
5abo AUJSIUV2Cm*V?CmwVIC"*VChl
5270 ADJUSWIiRT (0,15)
58OO DPIXBDPEXw3FGSCJ1,N)'VC
SI90 DPLXSOPEX*VgCMADJ
5100 DPEXuQ,5*0PkX.VICm
S310 DPk~mDPkEa~g0.5.G5CJ,1,N)
5320 DPtXsDPkAOffbS(J.1,N).0O(J.1.N3

5340 IF COGCJ.1.N).14..06C(J.2.N),ANO.O)PLX.6TD(CJ*1 ,tdAND,
5350 a UPLX.LT.OGCJ+2,N)) 60 TO 790
5300 IFC0GCJ,1.N)gt.6(J*2N).AND0PLX.6T.O5J1,N) AN).
13170 a OPEM.*L1.DS(J*2*N)) GO TO 790
5380o HfTURN
5390
5000 790 VL(IvN)8VA(JN)
5010 VLCI.1 ,N)mVA CJ*2#%)
5420 O(LIsN)sDPLx
S430 jAsa

K10



CR033 COIT 1012111 a6 05V2002 lIUt PAkA NO@ It

5440o 529 FU~hIAT CTj#'CAU11CJ% e AT GLOP4O~k 0tPTH'#la.1,U. TmtfeF7*0, t C(JULU
5050 16 HE A IRUt VtLUC1?Y.0)

S470 E14C
54.60 SUgekOU1INE OPNIKI (l.JSPtk.IIAXSNDSSNDCFACKYPLI
S4890
s500 CO0NhPU/3 bOC50.i) VG50.i) ,55bb50203 ) SC (50.20).0
5510 6 5FGSC50.20).Dl(S(5020) ,TR'(50,2),VA (SU,2U)*DPt5O,20)
5520 CUwMooIaUTPU1-Vi.(20.20) ,LOL (0.) ,SVL(iOi03 1K (20,20) .71(0)

* SSuaO COPMUN ICOeNSYAI VtLL6S*VFIAITVLATsO.LLA5s11ITLE
59441 CHANACIENeao TITLE

* 5500SS60C OUTPUT PRINTOUT ......... ,a..........e.e.

S 560 PRINT 114p 71TLE
5590 1148 FORMAT(///#T2#COS3MOLt IN~hAIDILTATION e*'A60)

solo PRINT 005
SORO S0S 70.MAT(//,T,.*c1NTERFACL 0IPTMN0',iT2,*GkU#,TA,'5NO1',Tl60*NULOT2?
Sa30 &*COMPUTED TRAVEL TINES, SECOOS'r,7v#,APPARkhTvf
Sodi0 W209eDEPTM DEPTm' VELUC!TYo#Yb7.'APPAWLNT'.
S.50 &T2M,OIRCI',7J2..DObNU.T400'DU.N'eTobt00OWN',750.UP',
50.0 &T0,,'COMPUTE0.oT7k#MLAURE'.f72'1LAIN'.TU0'2LA&I4',

So00 Il(KTYPt.LQq1.OR6ATYPt.EQ.23 CALL TWUAVI CIMA11,CFAC#1h)
5.90

5710 141
5720 DO 090 Jal#M
S730 810 IFcOLCIpN).GTD(4(Jvk)) Go 70 800
S7460 IF(I.1UVIMAX) GO TO 030
5750 020 VPA T,(1.01D 2 ~
57.0 PRINT 020, OL(I#%)

S760 IFcI+I.LO.ImAi r.;; To Seal

5000 Oil IFIDG(j#N3 .LT*DLCI#I1))I G0O 10 24
s#10*622 FCIMAT(1bX,F7,0,
5620 18+
5030 G O 1 1
S800o629 121+1

S 500 030 CALL TMT1N2C1,jMNIMAANL,1~T,1dTT3,TT4)
5070 1T2V@99,
bbo IFCVL(1,N).GT.VL(1.),N)) GO TO 627

5090 T1tiSFGSCJIK)/VL(1.1.N)
5900 AD~j5gUVL(1.1 ,N)AvLC1,p3.vLCIW4)*VLC) 1 N3
b910 Vvx.5RTCADJ5G)

4 5S920 7TaUaT2i(UGS(J.N).2.0CD,.(JN).DL(1-1 eN) I)aVV#(VL(1u1,ta)'VL (1,N
5930 6))

5970 VC(J#N)NVLA
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%990 CALL FOROUT (,,~h1~XPT, 13?o5ISIV~A
6000 1TP1NJ
6010
6020 890 COtdNIu
6030
6040 IF(IGL.IMAX) GUT0900
6050 PRI04T 8d0#0LCIsN)
6060 PRINT S40VLCI,1,N)
6070 600 FORMAT(Tl7#F7,0)
6080
6090 900 RETURaN
6100 o
6110 SUBROUTINE TRUAVI(IMAXPCFACoh)
6120
6130 COI.FON/UUTPUT/VL (1203 ,DLCROZO) ,SVL (20.203 ,K(2O,ij)
6140 CON14ON ./C0NSTA/ DLGS,VFIRSTVLASTDLLA8TFTITLE
6141 LB4ARArTLN.60 TITLE0
61s0
6160C *** CONVENTS DETAILED LAYLNING INTO REPRE~tNTATIVE LAYERING e....
6170
6160 809 ICso
6190 00 606 l11IMAX
6?00 606 VL(I#N)SSVL*CI#N)/KI'C,N)
ba10
6220 DO 808 Iu1,ImAxal
6230 I (I&6L@IMAXmICml) GO TO 806
6240 MIRBVLIPN)/VL(I1,1N)
bas 615 (K(IPN).GT.1.ON.Kx(I*1N),GT.l1) BFAC80,05

6270 ZFrRIN.LT.1.0."AC.ORNIR(.T.1,0.8PAC) GO TO 808

6290 P.C3.8jNJUIP)+K(1*1 ,N)
6300 VL(IoN)USVL(I#N)/Kt(1 N)
6310 IF(141.t(4.ImAX) (W( TO 806
6320 UL(I*NIUDL(1*1 ,tj)

6330
6310 DU 1107 lIUI+l.1 Ax-IL-
0350 SVL (I1,N):5vL(1I,1,v)

6370 VLcZ3,N)BVL(11*1#,-)
6380 IFcII@LQ.IFA~aIC.1) GO 0 T do?
6390 LI,)DCIIr.
0ouo 807 CUN71NL
6410 ICSIC41
6420 e06 COkTINUL

*6400 IMAASIMAXeIC
*0450 IFcLC,6t.1) GO TO 009

6060
0070 PF(VLASl.LW.0.0) RIETUkN
6080 IF (VLAST*h1 .0.U.ANU.VL(INANN3 .E(UVLAST) WETURN
04i90 IFCULLAST.LU.0.0) RtTukk
* boo DL(IMAX,N)20LLAST
ablo IMAXUI1MAX~l
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obZ0 VL(IMAX*N)%VLASTC' 6S30
6%4.0 RETURN

obtio kND
e560 SuHOu11NL 1MTI'4dd1 J.M.9hIMAXPtiL.TT1 712,773,T7N)

6600 COPMONbUUTPUTIVL(ito.2O),DL(l00.) ,L(20,Zo).K(20.Zo),T(e)-
6610
662C COwPUTES TRAVLL TImES FNOm A TRU*L VLLUCITY PRIOFILE ea.Oaa.0

66140 TT(1)999,
6bso IT(2)8999
66e0 YT (3)9999,
6670 77(14)a999,
6680 naul
6690 YTTNL)SOP(J#N)IVL(!,N)
6700 ZI.IttoMAX) 6O TO 640
6710 lF(VLCzd4)OGT*VLCZ.1.N)) TT(2)87779
6720 L~m0
6730 Lco0
67 dl0
67S0 63S LCaLC4I
6760 NL.LCeI
6770 IF(77(2)qEO.7?7ANO.NL.E0.2) GO TO 83S
6760 TT(NL)s1FG5(J*N)VVLCILC#N)
6790 ADJSQUVL(1.LC .N)*VLC2,LCN)odL(1 N)aVLC1,N)
61300 AOJ(JSaANSCADJSU)
aso AOJGSQRT(AOJ5W)

6820 TTcNL)aTT(NL),(O GSCJN)2o.(DL(Z N).OG(JN) ) )ADJ/(VLtlI4L'N)*
e8so &VL(IIN))
ob'd0 ZF(1#1z.QGI.ZAX) TT(3)n999,
e850 ICZ.1,LG.IMAX) 60 TO 81.0
6860 ZI CVLCII ,r)*GT.VL(1.Z.N)) 77(3)t771@
6670 IF'rl(3),kg.777,Atho.NLqEg.3) Go To 835
6880 IPCLC.&0.1) 60 TO 835
6690
6900 037 AOJStJ3VL (I*LC.N)*VL (1*LCN).O'L (jLCwL~.1,N)aOV (1eLC-L~w1,ti)
6910 ADj3QUAbS(ADJ(J)
6920 ADJOSONT(ADOJS()
6930 7T(NL)aTT (ti2m*CDL(I4LC.LFs1.N)OLCILCL~w,N))Aj/PtIL.1,LLId
69110 &)OVL(I*LC-LF'.),N))
69S0 IP(l+2oL(q4MAX) ITTC4)09990
6900 lF(1+.4EWXI"AX) GO TO 84.0
6970 IF cVL(I42*%)qG1.VL(I+3#h) 77(14)u999,
0980 1f(LCtEG92) GO TO 635
6990 LFBLP*1
7000 jt(1.CvkG.3,AND#LFEJ.1) 60 TO 637
7010

*7020 6410 TT32TT(l)

70110 IT32TT(3)
70s0 TTuuTT('i)
7000 LT1UNv
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7070 INC
7060 SUOROUT1L i ATS("05NOD ,SSND)
7090
?10C O COfPIJTLS hit. MEAN AND STAN~DARD DEVIATIUN aaeaeO*.'aie
7110
7130 Xp*LQAI(")
7130 £cA0O SNOF /X"
7?Sa0 5SKDwS5ND/CXM.1,0J
7150 STD*SUNTC5IND)

7170 PRINT 894, ANOI,STD
714*0 894 FORMAT C/i',TS0.'EAN OIFFEI4LNCE mt,9o,3,f .',#.
7190 &TS3oSTANDARD DEVIATION CF DIFFEWENCL S'.F6*2p, *to//#
7200 I&Tlept* PERCLNT OF MEASURED Vk.L.CITVp)

U30 03O80
7350 RETURN
7Zoo IND
7270 $UpROUTINE FORGOU (ljMDN#IMAXDNLTT1DTT3,TT3TT4,SNDFP SSdJ.VLAi
7260 1 lT~TZmIf
7U90
7300 CUMMONiINPUTlDSCSOZ3 O6D(5O,3oOSSCSO.0),8GC50,30).
7310 s SFUCSSO,3u) ,DF7(S003 TH(Oi),VA '50,30),DPI5.i0D)
7320 L.SX(50) .SY(502 ,Z(50),GXCSO),GY(SO3 ,(Z(50)
7330 CUPMONI'UUIPUT/VLC30.3O),OL (30,303,SVL(30J) ,l( C0.30) ,TCO)
734*0 1.VCC30,ZOj
7350 COMMUN /CUNSTA/ DtLGSvVFIRS7#VlAST#ULLASTfTZTLk

*7351 CHAkACTLR *60 TITLL

7)70 1FCVACJ#N33 500,500.400

7390 1400 DZFNUVLA.VACJ@N)
74100 01P'iCDZfN*100.,VACJ,N)
74*10 3NCFsSNCF#DIFN
7u30 S5%DaSStND*DIFNeDZFN

7446 S0O IF(VA(JvN)@L;E8.O) DIFNEO,0
74150 IF(T13U.NE.999) 6[U TO 300

747 PIPNT 685, DGCJr?-,0SJ.)@VL(IIK)p7T1o
7480 &VL*VA(Js%)
74190 ZI TT2,N,777,ANDTT1,EO77ANU,1T4,LU,999)
?boo SPRINI 875, C~iJ,N),U)SCJ.N),VL(1.t'),TT1lTiT.
7510 LVL*,VA(JPN)
7520 IFcTTd.LQ,7l77.O.7T3,tQ.777) Gw 0 too
?SAO IF CTT3..U999,AI..,TT3S.Qi,99ANDTT&*.LU,999)
751*0 &PRINT SOS# OGCJN3,fDhCJsk)sVLC1,N)#T71o
?ISO &VL*,'VACJ*N)
IS6o IF (TT3,NL,999*A*.DTT3,&*q9,ANDTTQa,EW,999)
75370 16PHINT 87S# gb(J,%),DS(Jo.),VL(IN3,TT1,TT~p
?SOO 1&VLAPVACJPN)
7590 IF (TT2.N&.999,ANIJ.7T3.NE,Q99,AND.TE,EG,999)
7600 &PRINT 0OS, IJG(JN) .U5CJN) .VLCIN3 ,TTITTZTT73,

00
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7.10 &VLA#VA(J*N)( 76?0 Zi (77L,NL.999.ANTTSNL.,999ANOTT.NE,99,)
7610 &PINT 655, DG(J,0.J,DS(J,N),VLC1,tNjTT1 ,TT-eTT3,TTM,
76110 &VLA#VACJNJ
7650
7660 100 CONTINUE
7670 IF gTT2sEQ0.777, AND, TT3,EQl,999.AMwO.TTM.EQ.999)
760 &PRINT 685, DG(J,N)vDb(J#No#VL(I#%),rT1,
7690 &VLA*VA(J#N)
7700 IF(TTi.sEQ.777.ANO.77T3.kg,999,ANOTYaa,Lg.999) GO TO 066
7710 IF (TT8,tg,777.*NO.TT3.NES777.AN,TTE.LQ.Q99)
7720 SPAINI 711 OG(JN),D5CJ.N)#VLCIN),TTI,T13,
7730 &VLO#VA(Jph)
7740 II (TT1,EQ.77?.sNO,T73,NE,777.AND.T14,NL,999)
7750 SPRINT 71i, OGCJN2.DS(JN),vLCINJ,17TTi,#TTS,
7760 SVLAOVA(J@N)
7770 IF(TT2,Ig.777.ANOTT3,Lg,777,ANo.TT6.hE.999)
7760 &PRINT 713, Do(J.N),OS(Jor),VLCIN),1T1,TT6, -
7790 SVLA#VACJSNJ
7600 IPCTT8,NE..777sAND.7T3,EG.777,ANO.TT4,NE,999)
7610 SPRzINT 7111, 0GCJNODSCJN)VLCIN),TTITtd,#TTa,
78a0 &VLAPVA(JPN)
Tej0 6O TO 686

7650 200 CONTINUE
4 7660 IP(TTa.kQ,777.ORTT1*Eu,777) GO TO 100

7670 IFcTl8.EQ.999.AN0.TTJ.EQ.999,AN0.TTa.E.Q999i
7060 &PRINT 689, D0CJ,N),D5CJN),VLCIN),TT1,TTZU,
7b90 aVLA*V&(-.,Ni
7900 IF(T78.NE,999,AND.TT3,Eg,999,AN,TI1SLQ.999)
7910 &PRINT 876,0(iCJ#ta OS(JN) ,VL(IN),TI I TTZ#TT8uLA*VA(JN)
7920 IF(TT2,NE.999,ANO.TT3,NE.999,ANO.77a,Lg.999)
7910 bPRITi 6o8, OU(JONtDhS(JN),VL(Z,jTT1.Tti, 7T3, TT2o,
7940 ILVLAPVA(JfN)
711so if(TIZ.NL.999,AND.T3N.999AvDT6.41.999)
7960 &PRINT St', Cc.CJ,N),O8(JNk ,VLCI#ti),TTI ,TTZT73.lTT1U,
797u &VLAPVAIJth)
7980
7990 300 CONTINUE
8000 IF (TTZ.LE777AtD,TT3,kg,999,ANDTT..g999)
6010 &PRINT 669, D&(J,'v),O6(J#h),VL(Itth),TTITTiUI
8020 &LhVA(JON)
6030 IF(TYi,tgO.77.ANO.T.E0,999,AN.TTakW,999) GO TO 86
6060 IF (T1a,NE.777,ANV.7T3,Eg,777,ANU*T76.EO*999)
60120 &PRINT 678# O((J,N).OS(JN),6LCI.NITTl, Tti, 1t8UVLAVACJNI
6060 1! (lT2.LQ.777,AND.TT3,N4L*777,ANO*TTU,L .999)
6070 SPRINT 121, UGCJ,N),D5(JPN),VL(I.N),TT1 ,TT3,TT2j,
6080 9VLApVA(J#N)
6090 IF (TT8.LO.77ANUTI,NL77?.AiU.TT4tdE.999)

4 8100 oo PRINT 712, 0~Jt~,SJNLINT~lTTU
6110 SVLA*VA(JpN)
8180 IF (77dskQ,777.AND.TT3,EU,777,sN,T'a,999)
813U &PRINT 723, D6(JN~,D$cJN) ,VL(lN),TT1 ,T UTtlU,
616n IVLAVA(J#N)
81s0 IF(TT7.NE,777,hND.7T3.LU,77,AksO.Te,Nk.999)
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CRO3S CONT loa82hg a OSladi$8 FILE PAGE N(D. 16

Sio0 SPRINT 7a4#. U6(JN).DSCJPtN),VLC1,N),TT1,TT&,T 4,TT2U,
1170 SVLA*VA(J#N)

6190 688CONTINUE
6200
6210 711 FORMAT(T2,PFb.1 T9,9o, 1.716,F7.O.T,24F7,TQ,F70.T4oiObOJ
6220 712 FORMAT(T2,F0.1,T9,P0. 1,T10,P7.0,T2OF7.,T840,f?.O,T46,F7.,,
8230 &T64vZ76.0J
em4 713 FR&~Z9. T,@1,l.70T47,,4,7IOP.h
8250 714 FORM4ATCTZF0, 1.79,70.1 ,Tlo97.o.T2da.97s4.T32.P7.MT46,#F7,i,10M,298,0)0
8600 721 FORMAT CT2,Pb. I .9,70.1 ,TteF7,0,T2Q.o 7suTiO,.4 *,Tbo7.dh 1bM.piFbO)
8270 722 FORMATCT2,F0.1 ,T9,pb.1 ,Tl6F7.U,T24.F7,4.TMO,F7.M,T48,
8260 9FT,da.TS6,F7*dI.Todh2Fb,0)
8290 723 FORmATCT2,F0.1 .TQoF61 T1hPT.0,T2M,F7.4,T4,PF7.MT50,97.,,14,2F8.O)
6300 724 FORNAT(T2.Fb. 1,T9,o.1,lT10,F7.U,T2M4,F7.4,T32,F7,4,
8310 1.4#F7*4#TS6#F7*,4,2P6*0a
8320 655 FORMATCT2,70.1.T9,F:g1,2T10,P7.70,T2di.F7,0,T3a,F7.4,T40,F7g4,
8330 &T4e#7,41.Tb4#276.0)
0340 856 FORMAT(T2,Fb, 1.79.70, ,oP~o7.0,24,77,4,T32,7.d.T40,FT.4,
als0 &T4gF77,4#T50.7.4vT64,?F&,0)
8360 685 FORMATCT2.Fb.1,T',Fb,1 ~,T0770,T24,F7,UT32,F7.,T407,0,164,2F8,o)
6370 568 FORMAT (T2,F6.1.T9,F6.1,o,97,0,#T2d1,I7.dhT32,F77.4,40,F7,4,
6300 &T56PP7.4.Tb4#27603
8390 875 FORMATCTZ#F,1t79,Fb.1 ,TI.pF7.0.T24.F7.,T32,7T.4,T04,2F76.0I
8400 678 FORMAT(T2,PO.1 ,T9, 0,1,T10o,,F70.2dF,P74.32,F7,0,T56,F7d8,!64.2F8.0)
8410 88S FORMAT(T2,F6b,,Fb.1,TIO,P7.0424.77.4,TOU.278.0)
8420 689 FOaMAT(T2,PO,1 ,T9,FO.1,TIo.77.0,T24,97@4,TS~o7 64,278.OJ

* 0430
8840 RETURN
8 450 END
6460 SU@ROUTINE SUmARY CJMAK#ZSUM)
8470 COIMUN/lNPUT/DSC50,ZQ0 ,QG(s0,20),SS(50.20),SG(b0,20I,

8490 *SX(50).Sy(b0)1), O).GXC50I.GYC50),GZ(50)
6500 C0,.MON/OUTPLT/VL(20,20).DL(20,i0),SVL2020),K(20.20)oTT(6)
8510 £.VC(20#20)
8520 C~m~ /CONSTA/ DLGS#V7 I0STpVLAST#ULLASTvTITLE
8521 CHARACTER *60 TITLE
8S30
8540C ' SETS vP TAbLE F0k THRELt MOLL SLT P ANU 5 WAVE DATA .t*'***

8500 CALL ARRANG (JMAX)
6S70
8560
6590 PRINT 100. TITLE
6600 100 FORMAT (1',vT2,sCHOSS MOLE SUMMARY ot#AbOo///)

8620 60 TO (500.600.700)o ISUP
8630
0640 500 PRINT 200
6050 200 FORMAT (T3#?SI40T GLD a GLC CO, 39VIDIRECT PATH'.0
6000 a 2xvvNEASURLD ARRIVAL TIMES, SEC of 6xpTRUE.'
Sol0 1793 PPAPPARENT VLLOCITY SUMMARY*,
8660 &IFT309OLPT" OLPT" DLPTH'. 4XfDISTANCtfT08,'VELUCITYe
8*90 &.790 ,PSWAL', 20Xv0SwAVEv,
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CROSS CONY io012.1 4 05128182 FILE PACt NO, 17

8700 d,',36X,f ei%.AVE*, 9X,fS-wAVtt
8i10 a.T#*ib,'AW%10'AC%11X, Ao-i*,1XAC',
8720 N./,T2'I,'Ab AC',TS'1Ab'p5X,0AC", 6X, 'Ab'#5X, 'AC',
6730 a. X,f~wWAV',1z,0S-WAvL',
67460 N82.dMEAS COMP wEAS COMPt#Sxp'"fAS COMP mkAS CUmP0,

8760
6770 DO 4.00 Jml1,JMAx
6780 4.00 PRINT '*10t DSCJ,12),DGCJ,12),Ui(CJ.13),DP(J,12),DP(J,1&),
8790 4 TR(j, 12),Tk(J, ii) TRCJ, 1M) ,TCJ, 15),
6800 &. VLCJ,1i),VLCJ,144)e
S810 & VA Ug 12) ,VCCJ. 12) ,VA(J, 13)#VC(JZ~lbVA(J, 1M),VC(J,1'.),VA(Js 1S)i
8820 &. VccJpls)
0830 4.10 FORMAT LT2tFO,1, F6,10 Pb,1,1KPb.1.lXvP6.,Th5#2F7@4r
88450 N.75o,2P7.4, lXp2F7,0 2X,&Fb*0,lXe4dFb.0)
86s0 GO TO 900
8860
8870 600 CONTINIJE

6880

890 PRINT bOo
6900 610 FORMAT
8910 L. 2*X,1ONMOLE DEPTO, 4XvIIMOIRtLT PATht bXIUMARRIVAL TIMES#, SEC,#,
8920 a Moxf 8NDISTANCL# bXOMPumA~k, 5X, 6tlS.pRAVItt
8930 924WA 8 Co 5XoOAD ACV, bK,tAb Ac Ab Ac',
69450 L//)

8960 '.20 PRINT 4530p Sj1)D(,2,I(,13DC,2,PJ1)
$90TR(J.1i) ,TMCJ,13) ,TN(J,14) TP(J, 15)

6980 4.30 FUPMAY (20Xv3Ft),1t2F7.O, IX02F7.'., IXt2F7,'.)
8990
9000
9010 PRINT '*35
9020 '.35 FOpI'AT(.'.'23X, 5H~OEPTM, 1x
9010 626NAPPARENT YLLOC11Y PROFILES,//#
90440 &. S2X,'COM 5  t' ' IX#PCCMP PLASt 3WCOMP MLeAStp 3x#*CO"P M~tA
9050 &00/
9000 0U '440 Ja1,oJOAX
9070 '440 PRINT 4*50# DS(..#123,VC.,13
9060 SVA(J, 12),VC U, )3),YAtJ, 13),VC CJ,14),VA(J, 144),VL CJ, Ib) VA CJi5)

9090 '.50 FLRmAT (22X#P6.1, '4C1xt2F6,0o))
9100
9110
9120 PRINT 4575
9130 '.75 FURMAT (/l#31Xp SHD1LPTH# 6x2jMTkUL VtLUCITY PROPILLSe/p
91450 & U]X, bHPw*AVE, hi4. bMSwtAVI.,/
9150 & 41~X, ZMAb, 6X, 2mAC, 6X, 2MAks, 6X* ZNAL /
9160 DU '.80 Jgl#JMAX
9170 '.80 PRINT 4590, D5(J,12),VL(J,12)VLCJ13)VLJ,1.).VLCJb))
9160 '.90 FORMAT OD0M,1110I4610)

4 9190
9i!00 700 CONTINUL
9i!10
9?i!0 900 RETURN
92e30 E Nt
92450 SUBROUTINE AWRAN. (JMAX)
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CR055 COP, T 10Sa4I 66 0U/06 PIL PAG~E PNQ 18

92s0
9itoo C0pMUN/INPUT/0S(SO.20),0(,(SO.2O) ,scsC5(ie),SG(6OdUhf
9270 &F56,o,!~5,0,k5,oa5,O.P5,0
9280 a SXCSO),syscS) ,sz(503 GX~soj h(503,6p~Z(50)

920CO,.M0NIUUTPLIT/VL C2o,2o ,0L120.o2O) ,SVL (20,20) ,KCi2O) *TT(0)
9300 &,VCta0,20)
9310 COPMON /CUN3TAI DELGbVFIR5ToVLASl#0LL&5T#TTLt
9311 CH.ARACTER *60 TITLE
9320
9330 jia
93460 J38a
9350 J480
9360 J5.0
9J70 12.1

9390 1'6.1
9400 Jsul
96410
9420 DO '650 Jzl#JMAX
94630
94640 NX2
9450 JaPJ2+1
9460 j3mj3#1

9460 JSEJS*1
9490
9500 IFCDS(J#2)) 250,350,0
9510
9520 2b0 CON~TINUE
9530
95610 IFcOS(J#2),LT@D5(J3,3)) J3$JiwI
9560 IPcDS(Jv2),LT@.DSCJ'h,4) J48J64.1
9500 IFCUb(Jp2),LTeOSCJS#5J) jSaJS.1

9580 350 CONTINUE
9590 CONTINUE
9600
9010 IF(0(GCJ3#3).LT*D6(JS,5)) DGCJ3p3)D6s,s)
9o20 IF(DL(I2,2)sLTDGCJd,2)) zami2*1
9tb30 J cDLCI3#3)#LT.DG(J2,2)) 1381141
90660 IF(D6(166,4).L .DG(J3@3)) 149164+1
9050 IFcDL(I5,5)oLTD(J3,3)) I53151l
9660 IP(D5(J,2)) 390,300.390
9070
9680 360 CONTINUE
9690
9700 IFCDL(14#6d.LoDG(J.4)) law14,1
9710 DPCJ02)NDPCJ#43
97io DS(J#2)203CJ#M)
9730 OG(Jod)80(.CJ#4)
97640
9750 190 CONTINUE
9760
9770 DSCJ,12)sDSCji2,2)
9760 DGcJ#12)s0GCJ2o23
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CROSS COI.1 1012'.: 'I 0d8#82 FILE PA6L %L, 19

9790 06(j,13)6OG(JA#3)
9600 DP(J,12)8OP(J2,2)2
9820 oP(J#13)sOP(Jl#3)
9820 TM(Jli3GTR(J~v2)
9630 ?TR(J.13)mTR(Jlf3)
98410 TRjJP1M)BTR(J4#4d)
9650 TN(J#15)zTR(J5#5)
9860 vLcJ,12)aVLC32pZ)
9870 viL(J#13)*vL(13#3)
9800 vL(J#15)sVL(I5,5)
9690 Vi.#lh) 9V L (14 t4 )1
9900 vA(J#12)aVACJR#2)
9910 vcN,1Z2)nvC(jZ,2)
9920 vh(j*13)*VACJ3#3)
9930 VCcJ.Du)VCJ3#3)
9940 VA(J#1u)aVAJ4#ad)
9950 v C (j 14 VC cj 4 ,
9980 VA(J,15)8VA(J%*5)
9970 VC(JF15)oVC(jsf5)
9980 714CJ2#2)EO,0
9990 TN(j3t3)80*0
10000 TO(JGP43U0*0
10010 Yu(Jsf5)w0f0
10020 VA(Java)m0.0
10030 VA(Jieh)8O0
100410 Va(JGM)60

* 20050 Vh(J50S)N0.0
10060
10070 4650 CONTINUE
10060
10090 D0 800 N32,5
10100 Do boo J31e25
101)0 TR(JN)B0.0
10120 VACJOf.)800
10130 VC(J#N)8060

* 101410 DGCJ#N)9O0
10150 D5(JPN)80,0

*10180 66(JfN)wuU.
10170 88(Jt%)§Qo,
10160 OF(JON)mot0
10190 600 CCNTIN4UE
10200
10210 RETURN
10220 E P. D
1000u 4BSROLTINL CARRYU (mvhvLN1MAX)
102410 CCMMON/ZNPUT#OsSCO,20) .06(50,20) ,SS(50,iU) ,5G(5Q00),
10250 a ~ a5,oP~02)1MoA~.0,~5,U
10260 & 5(0.Y'O bC0.(5)b(0 Z5)
10270 CMVJUUTV(02).L0.0 &L2,0, 202)718J
10260 &#vC(20120)

*10290 C014MO ICONSIAI DkLGSvVF1RSl#VLA&1,DL6AS7tT11Lt
102e91 C1MARAC~tH 060 TITLE
10100
10110 MPSNO 1
10320 Ncahe1
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CROSS CONT 103241 a o5#28#SZ FILL PA6k NO, a0

10330 00 100 121PLNIMAE
103440 DLCIeN~sOLCZNO)
10350 100 VL(leN)EVL(1.NO)
l 0o0e J80
10370 jkst

*10380 Jc*I
*10390 2OO JaJ+1

104400 IFCDS(JNN),EU,0.OAND.OS(JUNU).EU,O.O) GO to0b00
104410 IF(DSCJNN)wOS(jO9N0)) 300.4400.00o
104420
104430 300 O8(JoNP)mOS(JN,N)
10440 OGCJNP)ODGJN#N)
104450 JkoJN,1
104400 Go To 20O
104470
104860 4400 DSC.SNP)D(JN#N)
10490 OG(J#NP)SDSCJNpN)
10500 JOUJO01

10520 6o To 200
10530
105440 500 OU(jNP)mDS(JOoNO)
10550 OG(JPNP)NDG(JU#Ntj)

10570 JOuj0#l
10580 Go TO 2000
10590
10000 600 maJol

*10610 Do 700 JJwI.m
*10620 700 DSCJJPIE)D5CJJ#NP)

10030 RETUIkN
Iu0440 LNO

* 10650 30844OtTISL SUMTO (M.N)
1060
10.70 CO#MUN/INPUT/DS(bo.2O),o(50.20) .S(!b20) ,aGCSoof
10080 sG(02)DG(02),N5,OA5.0,r5.J

* 10690 b ,sE(5O),SY(501 ,5j(50) ,1x(s0) GY(50) ,6Z(%O)
10700 COMNDIU/L2*0*LR e~bL2pooCod~7(oI
10710 vC2po
10720 COMMON /CONSTA/ DELC.bVF1P5T ,VL AST .LLA3T.TITLL
10721 CHARACTLR *60 hI7LE
10730
107440 PRINY 90

*10750 PkdNT 100
*10700 100 FORMAI (,'#30XP 7IMTABLE 3,11.4

10770 &2bK, bMP4kAL'# SX@I7MAPPAMCN7 VLLCCIIYY 2X,ila'SupPU5LULy:,,
10760 al5xf bMDtFITMv 4?z, 1344RUE VLLCUITY# OX, 3HOW
10790 & 9K, 13STRUL vLLDCIIY#/

*10800 617xv 14" 35 M 54'ACh6 */
10810 616h, 44M( M), 69, Sfi(MPb)#l1XpNM~,1K bmC(IPS)f//)
1O82OC 337K, 144MI00 FT SPACING,/
10830C 4416A, agH(ij OX# 5M(FP5)#53X# SmCfPS)*12X# SH(PPS)01.)
10504

10000 1221
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C"03S cOp.T 101241 4 05126/2 FIL PAGE h~s 21

10870 NPvN*1
10880 DO 20o J21#0
10090 ZFtD~cj,NJ*GT@DL(1,N)) 11811
10900 IF (0SCJ#N).GTqOLCI2#NP)) 192U14l
10910 z00 PRINT 1t0, 0SCJN)DVLCII,N).VACJNP)DVL12tP)
109420 PRINT 2%0
10930 2SO FORMAT W#, IX065HNOTE 9 THE OSUPPUSLDLYf TRUE VELOCITY PRFt'IL. Is
10940 4 A PLAUSIBLE# buTp
10950 6. /14M, 'ERNEO.LUS, INTERPRELTATION OF IlE G~bIE APPA
10960 &RENT VLLUCITY PROFILL.)
10970
10980 90 FORMAT 11141)

*10990 110 FORMAT (I5X,FS.,p MMF7,Ov 9Xv P7,e 9X# F790)
*11000 310 FONMAT ( SM, FS*1, MM, P7.0, dM. 2F7q0, ZXo ZF790)

11010
11020 PRINT 90
11030 PRINT 300
11040 300 FORMAT (1#20X# ?I4TAGLk 5,f/
11050 & 5M# SPIDEPTM# 2X#I3HTRUt VLLQCIIV, 2AP25HAPPANENT VLLOCITI!S CMPS)-
11080 9 ,,8M,* 46M( M), b1 SM(NPS), 9X# 7" 0wl M *, SNv 8H .5 " N
11070C 1 SM* SMOLPTH, ZX,13MTRUE VELOCITY# ZX,25NAPPARLNT VkLOCITILS (FPS)
IlO80C 2 ,IAM, £M(FT)t bM. !1M(FPS) 9Xs 7MO-20 FT, SM. 8"i0-100 Fi,#
11090 * 27X# 4MCOmPp 3x# 4MMLAS, SM, 4HtCUmPp 3M, MMMEAS,/i)
11100
11110 Lo1
11120 00 "00 Julom
11130 IP(DSCJtN)@GTeOL(I*N)) 1.1.1 S
11140 400 PRINT 310v 0SCJorhjVL(I,43VCJNJVA(J.NJvA(JM.1)eVA(JN.1)
11150
11160 RETURN

11180 SuBOU7INt TAdDUM(M#IMAX)

1 1200 COMMUN INPIT/DS(S0,#20JDG(5QZ0),SSC50,203,tSG(b0,#20),
I 1dlo & SFGSCSO,20) ,0FGS(50,ZO),TR1S0,Z0),VA(b0,20),Dr'(b0,ZO)
1 1220 &. *SM(bO),SY(50),SZCS0)hGX(5Q3 .GY(50) ,6Z(bU) "..
11230 COMMON/OUTPUT/VLCZO,20J ,DL(a0,20).5VL(i20i),K(i20).TT (8)
112m0 teVC(20#20)

* 11250 COMMON iCONSTA/ DLLGSvVFIRS7#VLA3T#DLLASTTITL
112S1 CHARACTER 460 TITLE

tiIRoc PRINT 130
1120
11290 PRINT 502
11300 S02 FORMAT C15MM7N4APPAREN7 VELOCITY AS A FUN~CTION Of MOLL SPAtING///o
11310 a.3XP26MOEPTM TRUL INTkHPACt#I11MZhMAPPARENT VLLULIT~f5 FOk#/@
11320 a.11MI6MVLLUCI1Y OLPTNIbMib"HOLE SPACINGiS Uop,/
11330 16I2MTM1PROF ILLtP.I3X v38M 7 1. to 00 at M 28 14 AS pa v//)
11340C 3IiM,?MPRLILLISX#3bM 20 FT 40 F1 80 FT 80 FT 100 0i10M
11350
11380 1.1
11370 jog

* 1180 200 IaJ'1
11390 II (JOGTOM) GO TO 800
11aO IP0C10.L.SC,) GO TO 400
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CROSS Coid 10u?4 Ed OsldObi FILL PAGE~ 00, 22

11410 300 P'RINT 110p 0SCJJ).VL(I,1),VA(Ji!.VACJJ)VA(J4).VACJ,5)bA(J.8b
1 1a2 0c; PNC61 I 10,v DSCJoie)VL(1,2) ,VA(JZ).VA (J3) ,VACJ,44),VACJ#b5 ,VA(J~b)

I lM'u (i0 TO d0ov

11460C PI),CH 120p DL.Za)
114670 18101
114460 60 TO 100
11490 600 IF(I.LTOIMiAX) PRIN~T 1460# DLU.4),VL(I~ls2)0

115lV 100 FORMAT (bC20h4))
11520 101 FORMAT C0C13Ab$A2,/))
11S30 110 FORMAT (2xv90.1,3XvF7,0#12x#%f8.u)
115460 120 FCRMAT C21E.I001)
11550 130 FCRMAT (1141)
11560 1460 FORMAT C21X#F6,10i,11XPF760)
11570
11580 RETURN
11590
1100 EN
11610 SUOR0U7INE OPUNCH (M#N#IMAX,015T*AZIMj
11020 CMOIPT0~02)0(023,8~,0,G02)
11030 SFG5(5.0 .(O2O) .rss~a)Twcb0,20),VAbC~0,!0).DP(50,20)
11040 V. SX(50).SYC50oss),S5JiXC5O) GYC50).(iz(50)
I1050o COMMONjOUTPUTVL(2O,2)DLC20.oiU) ,VLCi0.Z01,K (20,ijTt(bI
11060 &,VC(20020)
1070 COMMUN /CONSTAI DELGS,VF1ISTVLA5~tI4LASTTZTLk
11071 CMANACTkR ebt TITLt
1160
11690 IcpluZ
11700 IOPZU0
11710 PuNCpM 100,TITLE
11720 100 FCkMAY(AOj
11730C PLNC?4 110s IUI'1 ND1OP2,.ODI5T.AZIMVF1IbTVLASI,0LLAST, IMAA
117460 PINcN lb,0 I0P1.'NIOP2.l',Di5T
11750 110 PCRMAT (ujS,mFI(.1,FS,G,!5,F5,0)
11760 D~C 200 Julop
11770 ?0V PLNCM 120, SZJ#xJ#yjpjC)6()(YJOLJ.
11180 120 FCMPA7 (bFl0*2,IflX.PIO,02
31790C PUINCO 13, CVL(jgN)01U1,IPAX)
11800C PLK~C14 13u, COLCIN)#1ulIMAlw1)
11810 130 FCRMAT CCSFIIJ.1))
11382
11830 REluRN
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Errata Sheet

,No.1

SNANALYTICAL AND DATA PROCESSING TECHNIQUES FOR

INTERPRETATION OF GEOPHYSICAL SURVEY DATA WITH

SPECIAL APPLICATION TO CAVITY DETECTION

Miscellaneous Paper GL-82-16

September 1982

1. Page 14, paragraph 7, line 7, and Equation 1 (line 8), should be changed
to read:

calculate an apparent resistivity PA

": K( ) (1)" "PA = KG

2. Page 14, paragraph 7, line 11, should be changed to read:

KG = 2na ; and for the Schlumberger array KG = R [(L/s) - (1/4)]

3. Page 14, paragraph 7, line 17, should be changed to read:

nrn(n 1) , where r = C C = PIP and CIP = C P nr
1 2 1 2 an C 1  2 2

4. Page 68, paragraph 66, line 13, should be changed to read:

and Equation 4 can be written

5. Page 72, paragraph 70, line 5 on this page, should be changed to read:

where fD(x) denotes the discrete profile data set. That is, two

6. Page 93, paragraph 98, line 16 on this page, should be changed to read:

gradient model in Figure 49a, could now be determined by using TALGRAD
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